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© Protein fractionation and purification 
Expression and cloning 
© Protein assays 


® Protein crystallization 
Mass spec sample preparation S2809 
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SCIENCE EXPRESS 


wwwsciencexpress.or 


sociolocy 
The Increasing Dominance of Teams in Production of Knowledge 
5, Wuchty, B. F Jones, 8. Uzzi 
Team of people are increasingly producing more ofthe research, andthe 
research they generate more highly cited, in a wide variety of endeavors 
from scence to the ats. 
10.1126/science.1136099 


NEUROSCIENCE 
How the Brain Translates Money into Force: A Neuroimaging Study of 
Subliminal Motivation 
M. Pessiglione etal. 
Promise ofa reward, even when perceived only subliminal, engages a specific brain 
‘region and thereby increases the efor put into a task, 

10,1 126/science.1140459 


Pervasive Seismic Wave Reflectivity and Metasomatism of the Tonga 

Mantle Wedge 

¥. Zheng, T. Lay, M. P. Flanagan, Q. Williams 

Seismic imaging ofa subduction zone reveals nine Layers in the mantie overiying the 

subducting lab, revealing a pater a reactions produced by ascending Huds. 
10.1126\science.1138074 


GENETICS 
‘A.Common Variant in the FTO Gene Is Associated with Body Mass Index 
and Predisposes to Childhood and Adult Obesity 
TM. Frayling et al. 
‘Acomimon variant o a gene that increases the risk of obesity by ~67 percent is 
consistently asociated with body mass index in 13 studies involving over 38,000 
subjects. 
>> News story p 185 

10.1126/sclence, 1141634 
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GEOLOGY 
‘Comment on “Wetland Sedimentation from 
Hurricanes Katrina and Rita” 

T.E. Torngvist etal. 

fu text ot mm sciencemag.orgegVcontentfull316/5A22/201b 


Response to Comment on “Wetland Sedimentation 
{from Hurricanes Katrina and Rita” 

RE. Tuimer, J.J. Baustian, E, M. Swenson, J. S. Spicer 
full teat ot nnn sciencemag.orglgVeomentfull316/5822/201¢ 


BREVIA 


ASTROPHYSICS: 
‘A Symmetric Bipolar Nebula Around MWC 922 
PG, Tuthill and). P Loyd 

‘The rectangular appearance ofa stellar nebula may form because its 
‘polar winds, which are mirror images, are illuminated by young sta 
in stil surroundings. 


RESEARCH ARTICLES 


CHEMISTRY 
‘Quantum Structure of the Intermolecular Proton Bond 249 
J. R Roscioli, LR McCunn, M. A. Johnson 

Cold argon clusters and infrared spectroscopy reveal how the 
vibrations of two bases, such as ammonia and water, influence 

the behavior of a proton bound between them. 

‘STRUCTURAL BIOLOGY 


‘Structure of Fungal Fatty Acid Synthase and 
implications for Iterative Substrate Shuttling 

S. Jenni etal. 

Fatty acid sythase comprises a biosynthetic pathway in which 
{two-car units are sequentially added to tethered fatty acid 
chains by reactions at each of four ata sites. 

>> Report a 288 
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Innovative Solutions for lon Channel Research 


Puzzled over who will meet your ion channel research needs? Look no 
further. We have the most extensive line of innovative products for ion 
channel research, 
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MATERIALS SCIENCE 
Plastic and Moldable Metals by Self-Assembly of 261 
Sticky Nanoparticle Aggregates 

A. Klajn etal 

ina process similar to forming ceramics, metal nanoparticles cated 
with dithiol igands can be shape ino objects and thermally 
annealed to create a porous hardened materi 


CHEMISTRY 
Optimizing the Laser-Putse Configuration for 265 
Coherent Raman Spectroscopy 

D. Pestovet al 


Fluctuating background contributions to Raman spectra are 
ininimized with shaped probe pulses allowing detection and 
analysis of samples such as bacterial spores, 

CHEMISTRY 

Designed Synthesis of 3D Covalent Organic 268 
Frameworks 

HM. EL-Kaderi et al. 

Organic molecular bulding blocks can be condensed into covalenty 
bound crystalline solids with low density and high porosity, surface 
area, and thermal stability 


PLANETARY SCIENCE 
Direct Detection of the Asteroidal YORP Effect 272 
5. C Lowry etal. 

Optica and radar observations ofa near-Earth asteroid show 

that the radiation presute from impacting sunlight is slowing 
itsrotation, as predicted 

PLANETARY SCIENCE 

Spin Rate of Asteroid (54509) 2000 PHS 274 
Increasing Due to the YORP Effect 

PA. Taylor etal 

Slowing of near-Earth asteroid (54509) 2000 PHS is as expected for 
Solar thermal torques as predicted by the YORP effect. 


CONTENTS [ 


PALEONTOLOGY 
‘Analyses of Soft Tissue from Tyrannosaurus rex 77 
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MH. Schweitzer et al 
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Tyrannosaurus rex Revealed by Mass Spectrometry 
1M Asara etal 


‘Mass spectroscopy reveals the protein sequence of collagen preserved 

ina Frannoscurus rex fossil, demonstrating that biochemical data 

an be obtained from long-ertinc species. 

MEDICINE 
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Lipid Homeostasis 

iC loetal 

pid levels in the blood, which are deregulated in atherosclerosis, 
trolled by immune cells in the tver, suggesting a 

therapeutic target. 


Jependent Control of 


BIOCHEMISTRY 
Structural Basis for Substrate Delivery by Acyl 288 
Carrier Protein in the Yeast Fatty Acid Synthase 
M. Leibundgut, 5. Jenni, C. Frick, N. Ban 
Two flexible linkers allow a carier protein to bounce from one 

atic sitet the next as faty acids are sythesized. 


STRUCTURAL BIOLOGY 
Structural Insight into Pre-B Cell Receptor Function 291 
A.J. Bankovich etal 

The structure of receptors on developing immune cells may explain 
vom the cells acquire specificity for certain antigens and indicate that 
signaling occurs by oligomerization 

IMMUNOLOGY 

Promotion of lymphocyte Egress into Bloodand 295 
Lymph by Distinct Sources of Sphingosine-1-Phosphate 

R. Pappu etal. 

Immune cells move into the bloodstream in response to a lipid signal 
‘made in ed blood cells and move into the lymphatic system when the 
same signal is made elsewhere. 


soe suo 4075s ute ny oa, ent a wt een Anes ncn 


angered est one Pte gy i AI a agi 7 Sy 


eh mr pan nova avar snc bas than pny mire cto v rena ree emt tg we 


www.sciencemag.org 


CONTENTS continued >> 


SCIENCE VOL316 13 APRIL2007 


165 


TakaRa 


For Fast and Accurate 


The One Step SYBR® PrimeScript"™ RT-PCR Kit (Perfect Real Time) was used 
to detect rat Rplp2 transcript from 6.4 pg to 100 ng total RNA. An excellent 
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efficiency, specific amplification and accurate quantification 
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structures. A two step reaction can be performed using PrimeScript™ 

AT reagent kit with SYBR® Premix Ex Taq™ (Perfect Real Time), 
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+ High Sensit 


total RNA, 


vity: Target quantification from Picogram of 


rate Quantification 
total RNA as a template. 


Over 5-6 orders of magnitude using 
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the One Step SYBR® 
PrimeScript"™ RT- 
PCR Kit (Perfect 

eal Time). 


emily: Premix formulations, 
me and minimize possibility of contamination, 


Quick Reaction A 


* Versatile: Use on any real time PCR instrument. Supplied with 
ROX reference dyes 


ly: Optimized buffer and Ex Tag™ HS minimize 
‘non-specific amplification and primer-dimer formation, 


One step or Two Step RT-PCR kits for TaqMan® 
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Reflections of Absolute Zero 
Researchers freeze a small mirror to within one degree 
of witnessing quantum effec 

Forest Elephants on a Road to Ruin 

Poachers use loging roads to pursue the endangered 
animals 

Look Out for Alien Lasers 

Astronomers ae trying to se light from extraterestrials 
using gamma-ray telescopes. 


Impact on American postdoc pay. 


SCIENCE CAREERS 


wwwesciencecareers.org CAREER RESOURCES FOR SCIENTISTS 


US: Huddled Masses 
B. Benderly 

The large influx of international postdocs may not be good 

{or the incomes of America’s young scientists, 

GLOBAL: Mastering Your Ph.D.—Science Papers That Shine 
P Gosling and B. Noordam 

Part ol being a good scientist is being able to writeup your results 
in dear and simple terms. 
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PERSPECTIVE: Regulation of PC12 Cell Differentiation 
by cAMP Signaling to ERK Independent of PKA—Do All 
the Connections Add Up? 

M. J. Gerdin and L.€. Eiden 

The exact protein kinase A~independent path thats involved 
in neurite formation in PC22 cells remains elusive. 


FORUM: Response to “Can Mesoscopic Models Test 
Spatial Mechanisms of Cell Signaling?” 


Simulation methods and avaiable data encourage optimism 


{about modeling spatiotemporal signaling in and under the 
membrane. 
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Mohan Ram 
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‘An interactive version ofthe pullout poster 
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for increased specificity, 
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Proton Tug-of-War 

In acidic aqueous solutions, protons are shared 
and shuttled by the solvent molecules or dis- 
solved bases, as opposed to moving about as 
free H* ions. Probing such structures is chal- 
lenging, however, because the many energetic 
configurations that form at ambient tempera 
ture lead to very broad spectral bands, Rosct- 
oli et al. (p. 249) have used gas-phase argon 
Clusters to isolate and probe the vibrations of 
complexes in which a proton bridges two mole- 
cules of widely varying basicity, ranging from 
water and ammonia to alcohols, ethers, and 
noble gases. The infrared spectra ofthese cold 
complexes show sharp absorption bands that 
clarify how the proton affinities and skeletal 
vibrations of the flanking bases impact the 
motion of the H* ion confined between them, 


All-Organic Frameworks in 
Three Dimensions 


‘Numerous metal-organic framework com: 
pounds have been reported in which high sur 
face areas are achieved by the metal centers, 
directing the assembly of linking organic 
Groups. El-Kaderi et al. (p. 268; see the Per 
spective by Budd) now report the synthesis and 
structural characterization of high-surface- 
area, covalent organic frameworks through the 
condensation of subunits that can form four 
bonds tetrahedrally with another type of sub- 
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‘unit that can form three bonds triangularly 
After target networks were chosen, molecular 
design programs were used to optimize the 
choice of subunits. The strong covalent bonds 
in the framework (C-C, C-O, C8, and 8-0) 
{ead to high thermal stability (400° to 500*C), 
and the use of only light atoms leads to low 
densities (0.17 grams per cubic centimeter), 


Nanoparticles Take Shape 
Ceramics are often made trom “greenwares,” in 
which aggregates of small colloidal particles 
ate molded ot shaped before thermal reactions 


remove solvent and bond the particles 
together. Klajn et al. (p. 261) show that metal 
nanoparticles (NPs) can be similarly molded 
into macroscopic objects. The metal NPs are 
coated with a surfactant that can undergo 
Ultraviolet-induced isomerization from a trans 
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<< A Double-Tethered Switchblade 


Fatty acids, which are comprised mainly of long hydrocarbon chains 
and serve essential structural and energetic functions in cells, are 
synthesized by adding two-carbon building blocks to a starter unit, 
Each of the additions involves a series of four reactions; for exam- 
ple, synthesis of a palmitate chain requires cycling seven times 
through this set of four catalytic sites. Jenni et al. (p. 254) and 
Leibundgut et al. (p. 288) describe the crystal structures of 
the fatty acid synthase complexes from the fungus Ther- 
momyces lanuginosus and the yeast Saccharomyces cere- 
visiae. For the fungal enzyme, a complete mapping of the 
talytic domains within the two-chambered heterodode- 
cameric (a,b,) complex is provided. The yeast data reveals 
ical path taken by the acyl carrier protein (ACP) 
domain to which the nascent fatty acid is attached. The 
ACP moiety is tethered to the wall and to the floor of 
the chamber, which constrains its movements as it 
visits the nearby four catalytic sites. Upon arrival, 
it unfolds the growing acyl chain like a switchblade, 


to cis configuration. The higher dipote of the 
cis form causes the NPs to aggregate into 
larger “superspheres” 50 to 300 nanometers in 
diameter. These superspheres adhere to each 
‘other and allow formation of shapes and coat 
ing of objects (such as small figurines), Subse 
quent annealing creates hardened potycrys 
talline porous materials that can be made from 
e'ither single or mixed metal NPs. 


Raman Probes Shape Up 
Raman spectroscopy can provide a wealth of 
information about molecular vibrations and 
provide fingerprint signatures for identification, 
‘but even when signal strength is boosted by 
coherently exciting the vibrations with laser 
pulses, a fluctuating background signal hinders 
‘many practical applications in sensing, Pestov 
et al. (p. 265; see the Perspective by Lucht) 
now describe a method in which a probe 
pulse is delayed and has its shape opti- 
mized soto minimize the nonresonant 
background contributions, The authors 
apply this method to the detection of picoli: 
nates, te characteristic component of bacter 
ial spores suchas anthrax. 


A Light Touch for Spin 

Differences in the pressure of warm sunlight 

being reflected and re-radiated from the surface 
Continued on poge 171 
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Impressive Gene Expression Levels — 
Astonishing Results 


ults of your gRT-PCR experiments 


ion levels in your samples? Or is your 


jeave your research to chance. Choose the Transeriptor First 
Strand cDNA Synthesis Kit to obtain more accurate and sensitive 


PER results on any real-time PCR instrument 


‘Simultaneously reverse transcribe rare and abundant RNA — 


without altering gene expression levels, 


B Power through all kinds of RNA templates — ctlectively reverse 
transcribe normal and GC-rich RNAs at 55° 


‘Simplify data interpretation 


generate high fluorescence intensities, 


haped curves, and expected C, distance 


gure 1) 
Iry the Transcriptor First Strand eDNA Synthesis, 
more accurate gene expression data. Visit www. 
science.com or contict your local represen 


and generate 
che-applied- 
clay! 


of input RNA. Panel A: Analysis on the LightCycler* 

Instrument, Panel B: Analysis on Applied Biosystems 7900 

tach 8 peer Ne y Roche Diagnostics GmbH 
Roche Applied Science 
68298 Mannheim 
Germany 


This Week in Science 


Continued from page 169 


‘of an asteroid during its orbit can change how it spins. This process, called the Yarkovsky-O'Keefe- 
Radievskil-Paddack (YORP) effect, has been predicted but not seen directly. Two reports describe the 
detection of the YORP effect acting on the near-Earth asteroid 54509 (2000 PHS): see the Perspective 
by Rubincam and Paddack. Lowry et al. (p. 272, published online 8 March) monitored the reflected 
‘optical light from the asteroid to show how the spin rate of the asteroid is decreasing, Taylor et al. 
(p. 274, published online 8 March) have mapped the asteroid’s shape using radar observations to 
show that this slowing is precisely as predicted by the YORP effect. 


Ancient Collagen Signatures 


Soft tissues have been thought to be rarely if ever preserved in the fossil record, aside from some 
‘samples entombed in amber or fora few million years in ice. Recently, a femur of a Tyrannosaurus rex 
dating to about 67 million years ago was recovered that seemed to preserve internal soft tissues, 
including blood vessels within its bone. Schweitzer et al. (p. 277) and Asara et al. (p. 280) have fur 
ther analyzed these tissues, as well as samples from a mastodon, and show that original collagen pro 
teins were preserved, Mass spectrometry was used to recover atleast some of the original collagen 
sequence. Thus, aspects of genetic information can be obtained from select samples of extinct species 
preserved for tens of millions of years. 


Spotlight on the 
Pre—B Cell Receptor 


The pre-B cell receptor (pre-BCR), comprising a heavy 
chain and a heterodimeric surrogate light chain (SLO), 

a signaling complex that acts as a checkpoint in B cell 

development. Bankovich et al (p, 291) report the 

structure of a pre-BCR Fab-tike fragment at 2.7 

angstrom resolution. The structure shows how the 

requirement for pairing with the SLC might con. 

strain the repertoire of heavy chains in the mature 

antibody population, The crystal structure, together 

with electron microscopy data and biochemical analysis, supports a model of antigen-independent, 
SLC-mediated dimerization of the pre-BCR to promote pre-B cell activation and expansion 


Making LIGHT of Lipid Metabolism 


‘Atherosclerosis results from a combination of lipid dysregulation and inflammation-mediated path: 
‘ology of the vasculature. Lo et al. (p. 285; see the Perspective by Hansson) show that increased 
‘expression of related members of the tumor necrosis factor family of inflammatory cytokines, LIGHT 
and lymphotoxin (L1), on T cells can elevate circulating blood cholesterol and triglycerides in mice. 
This fect appeared to be mediated via lymphotoxin (receptor (LIBR) signaling in hepatocytes, lead 
ing to a drop in the activity of hepatic lipase, an enzyme central to lipid metabolism. The normally 
high lipid levels found in mice that Lack the low-density lipoprotein receptor gene were reduced when 
LIBR signating was inhibited. These results raise questions about how the immune system detects and 
subsequently exacerbates dyslipidemia, and whether this process makes any direct contribution to 
atherosclerosis in humans. 


Double Source for S1P 


‘Sphingosine-1-phosphate (S1P) is a circulating lipid mediator that induces the egress of lymphocytes 
from lymphoid organs. The immunomodulatory effects of S1P are made apparent by the absence of 
Circulating lymphocytes in mice that are unable to support its production and by the encouraging 
results of clinical trials aimed at targeting this pathway to suppress transplant rejection and autoim: 

i munity, Pappu et at. (p. 295, published online 15 March; see the Perspective by Chun) use a combi- 
nation of conditional gene deletion and bone marrow chimerism to illuminate two sources of SIP in 

i the blood and lymphatic circulation. By sustaining SIP levels outside the lymphoid organs, these sup: 
plies allow lymphocytes to follow a gradient between the lymphoid tissue—where SIP is catabolized 

§ to low levels—and the two circulatory systems. This insight may help refine approaches of immune 
suppression and activation via the SIP pathway. 
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“Crushing” Lysis Efficiency - Nothing Resists It! 


Lyse any tough or frozen sample in just 40 seconds or less! 


WerReenee The FastPrep®-24 system offers the ultimate in 
speed and performance for the lysis of biological 
samples. Developed for difficult and resistant tissues 
and cells, 24 x 2 ml or 2 x 50 ml samples are lysed 
thoroughly within 40 seconds! A wide range of 
FastPrep® kits provide ready-to-use protocols for 
the isolation of highly pure DNA, RNA and proteins 


Free trial available for qual 


MP Biomedicals North America. Tel + MP Biomedicals Europe. Tel 


7 810 101" Systems 


Division of MP Biomedicals 


David Weatherall chaired 
the group that produced 
this report and is Regius 
Professor of Medicine 
Emeritus at the University 
of Oxford, UK. 


Helen Munn is Director of 
Medical Science Policy at 
the Academy of Medical 
Sciences, London, UK. 


Moving the Primate Debate Forward 


IN THE UNITED KINGDOM, PUBLIC CONCERN ABOUT THE USE OF ANIMALS FOR 
research has a long and checkered history. In 1875, Charles Dodgson, better known by his 
pseudonym Lewis Carroll as the author of Alice's Adventures in Wonderland, wrote a fierce 
polemic on vivisection in an attempt to prevent the establishment of a physiology department at 
‘Oxford University. The activities of animal rights movements have since reached new dimensions, 
ranging from threatening mail and personal violence to letter bombs and worse. Nevertheless, 
‘opinion polls show that the majority of the UK public accepts the need to use animals for 
medical research. What they are less happy about is the use of primates, particularly for what is 
perceived as curiosity-driven research rather than work with a medical objective. The debate on 
thistopic is likely to remain highly controversial in the United Kingdom, but a recent report® by 
an independent group of scientists and nonscientists outside the primate research community 
attempts to provide a better-informed basis for this debate through an in-depth analysis of the 
scientific reasons for research on monkeys. Most important, it calls for a 
national strategie plan for nonhuman primate research. The sponsors of 

the report—the Royal Society, Medical Research Council, Wellcome 

Trust, and Academy of Medical Sciences—are expected to respond to 

the report’s recommendations by June 2007. 

Because no great apes have been used for research in the United 
Kingdom since 1986, the report deals mainly with the use of monkeys 
in basic or applied research, making the case that modern biomedical 
research encompasses a continuum between them. It focuses on the 
neurosciences and on communicable diseases, particularly the develop- 
ment of vaccines for HIV/AIDS, tuberculosis, and malaria. For each 
«case, global health importance and approaches that could be taken to 
avoid the use of animals are examined in detail. Other research areas are 
considered briefly, as well as ethies, animal welfare, drug discovery, and 
toxicology, The current status of alternatives to animal use is also reviewed, ranging from 
molecular, cellular, and noninvasive approaches for studying the nervous system, to stem cell 
biology and pharmaco-metabonomie phenoty ping 

The report concludes that in some cases there isa valid scientific argument for the continued 
use of monkeys. Although the amount of biomedical research done in the United Kingdom has 
almost doubled over the past 10 years, the number of monkeys used has remained relatively 
‘constant, indicating that altemative research venuesare being pursued, However, because of the 
speed of development in the biomedical sciences and the increasing availability of alternatives t0 
animal use, no blanket decisions can be made. Rather. each case must be considered individually, 
supported by a fully informed assessment of the importance of the work and of approaches that 
‘do not require animals. To this endl, the national strategie plan for primate research eal for by 
the report includes the regular dissemination of information about altemative methods and 
the ereation of centers of excellence, both for the better care of animals and for the training of 
scientists, The plan also emphasizes openness by journals in disclosing the suffering caused to 
animals and calls for regular publication of the outcomes of primate research and toxicology 
studies by funding bodies and the pharmaceutical industry 

Over recent years, the UK government has taken steps to protect scientists and others who 
are involved in animal research. We hope that it will now join forces with the sponsors of this, 
report to activate its recommendations. The public debate on nonhuman primate research needs 
to move forward on the basis of sound scientific reasons, The increasing study of biology and 
disease at the cellular and molecular levels, supported by small-animal models. will probably 
reduce the requirement for primates in research, However, we do not currently know the most 
effective approach in some Vital areas. Thus, it would be extremely unwise to rule out primate 
use for the foreseeable future. 


~ David Weatherall and Helen Munn 


10.1126/science.1142606 


‘The Use of Nor- Haman Primates in Research (ww scmedic ac ulimages rojecnhpdownlpd). 
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seo.osy 
Very Slow Growth 


Gypsum (Ca(S0,)2H, 0] forms some of the largest natural single crystals on 
Earth (aside from the speculative iron crystals in the inner core), in some 
‘cases reaching 10 m in length. The growth of such sizable crystals requires 
precise maintenance of specific environmental conditions, 

Garcia-Ruiz et al. have investigated the giant gypsum crystals in deep 
‘aves of the Naica mine in Mexico, which has been the source of several 
museum specimens. Analyses of fluid inclusions, trapped sequentially in the 
crystals as they grew in caverns nearly 300 m below the surface, show that 
the temperature inthe large fluid-filled caves was maintained near 54°C for 
thousands of years at least—the mineralization in the mine began about 25 
million years ago—and the deep water there is still close to this temperature 
today. This temperature i just below the maximal solubility point for gypsum 
in low-salinity water and also slightly below the thermodynamic stability 
range of anhydrite (a polymorph of gypsum), which had formed previously. 
Thus, the dissolution of anhydrite maintained a stight supersaturation of 
‘gypsum in the fluid, and a temperature close to the equilibrium allowed the 
formation of only a few crystal nuclei in the deep large cavities. Shallower, 


Gypsum 
megacrystals 


cooler cavities have produced multiple smaller crystals. — BH 


APPLIED PHYSICS 
A Peek Inside 


The semiconductor industry routinely fabricates 
device structures with feature sizes smaller than 
100 rim. With millions of components crowded 
‘onto each chip and complex circuitry arrayed in 
three dimensions, methods to test the structures 
for detects— preferably nondestructively and 
with high throughput—become challenging 
Techniques for imaging the subsurface structures 
tend to face a tradeoff between resolution and 
contrast The probe light must have a relatively 
{ong wavelength (usualy in the infrared) in order 
to penetrate through several millimeters of sii 
com in the wafer and be absorbed by the active 
layers ofthe device; however, this wavelenth 
‘requirement has generally restricted lateral reso 
lution, Ramsay et al. combine immersion lens 
imaging with two: photon absorption microscopy 
to improve both the lateral resolution and the 
absorption contrast, thereby providing a tech: 
‘nique for the high-resolution three-dimensional 
imaging ofthe subsurface structures insitcon 
chip circuitry. — 150 

‘Appl. Phys Lett. 90, 131103 (2007. 


BIOCHEMISTRY 
A Nanomembrane 


The technical difficulties of working with mem. 
brane proteins, which sport extensive hydrophobic 
and hydrophilic surfaces (not to mention a hetero 
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geneous collection of attached sugars), are 
‘matched only by the ease with which cells manage 
tohandle them, In bacteria, the trimeric complex 
SecYEG accepts substrate proteins made in the 
cytoplasm and either passes them through the 
inner membrane to the periplasmic space or 
ejects them laterally straight into the inner mem 


‘SecY (red) in a tipid (yellow)/protein (red) matrix. 


brane itself (how outer membrane proteins are 
dealt with is a whole other story). Some of the 
substrates are delivered by the cytosolic motor 
protein SecA, but the amphiphilic character of the 
protein translocation machinery has made it hard 
to probe the structural state of functional Sec 
‘SecVEG interactions. Alami et al. have reconsti 
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tuted SecYEG monomers into a membrane-tike 
lipid/protein construct, referred to as a nanodisc; 
adding dimeric SecA to these nanodiscs results in 
dissociation of the dimers and binding of 
monomeric SecA to SecYEG and the consequent 
stimulation of SecA ATPase activity. — GJC 
EMBO }. 26, 10.10381s}.embqj, 7601661 (2007) 


MATERIALS SCIENCE 
Approaching the Ideal 


Frenkel predicted 80 years ago that the ideal 
strength of a metal should be 1/5 of its shear 
modulus, but in most metals the actual strength 
ratio is closer to 1/1000 because of the motion of 
dislocations at much lower stresses. Li et a. use 
‘computational methods in an effort to under 
stand the behavior ofa family of body-centered 
cubic (bce) Ti-Nb-based alloys known as Gum 
Metals. These alloys have the unusual property of 
sustaining vey large elastic deformations before 
yielding, as well as substantial plastic deforma 
tion before failing. The authors argue that for this 
behavior to occu, the ideal strength must be 
belowa stress at which the material would 
deform by ordinary dislocations, and that the 
material must always fail by shear rather than 
cleavage fracture. Using ab initio calculations to 
determine the elastic properties of related Ti:V 
alloys, they find that at a ratio of valence elec: 
trons to atoms close to the Gum Metal value, the 
bec lattice becomes unstable; thus, the Gum Met: 
als intrinsically have a low ideal strength and 


pwewisciencemag.org 
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tend to fail in shear even when pulled in tension. 
Further, at values close to this transition, itis pos 
sible to introduce sufficient obstacles for disloca 
tion motion through the addition of extra alloy 
elements without complete loss of ideal strenath, 
The authors believe that similar computations 
ould identify useful alloys that exist close to this 
edge of bee stability. — MSL 

Phys. Rev. Lett 98, 105503 (2007). 


BIOMEDICINE 


Looking for Cancer Stem Cells 


The intense interest in stem cell research has 
helped to revive the cancer stem cell hypothesis, 
which postulates that tumor cell growth is driven 
bby a small population of malignant cells that have 
the ability 0 self-enew and to differentiate—a 
capacity that is shared with normal tissue stem 
cells. The idea is attractive because it suggests 
that drugs could be designed to target cancer 
stem cells selectively, if and when these cells are 
identified. Although the stem cell origin of 
leukemias is now widely acknowledged, the role of 
stem cells in solid tumors has been more con 
tentious.Shipitsin etal, performed a comprehen 
sive molecular characterization of two classes of 
ells purified from human breast cancer: one class 
a 


Salm, 8 pos 
Para. Sas; 


‘Anetwork of genes up-regulated in normat 


(blue) or cancer (red) CD44* cells. 
expressed a cell surface marker (CD44) previously 
associated with high tumorigenicity and stem 
cell-like properties, and the second class 
expressed a marker (CD24) previously associated 
with low tumorigenicity and a more differentiated 
state. The CD44* breast cancer cells were found to 
‘express many genes in common with progenitor 
cells in normal breast tissue, and the abundance 
of these cells in the tumor appeared to correlate 
With decteased patient survival. However, the 
CD44* and CD24* cells within individual breast 
tumors showed genetic differences, a finding that 
does not fit neatly withthe simplest version ofthe 
cancer stem cel hypothesis, An alternative model 
isthat many cancer cells retain the capacity to 
adapt to changing conditions, whether this means 
reverting to a more primitive, stemlike state or 
evolving into a more differentiated state. — PAK 
Cancer Cell 12, 259 (2007) 


www.sciencemag.org, 
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micRoBIOLOGY 
AHigh-Fiber Diet 


In the race to replace fossil fuels with biofuels, 
microbial fermentation may become a key tech 
‘nology. However, microbes can do only so much 
and balk when their food contains too much 
Lignin. This is not uncommon because the fibrous 
tangle of lignin and cellulose, called lignocellu 
lose but better known as wood, is ubiquitous. To 
add tothe problem, the enzymatic breakdown of 
cellulose is not as rapid as the enzymatic break: 
down of starches. Jeffries etal. present the 
genome sequence of the yeast Pichia stipitis 
Pignal, which can digest lignocellulose and can 
transform sylose, a component of lignocellulose, 
into ethanol. The yeast sequenced was isolated 
from insect Larvae and is related to yeasts found 
in the gut of beetles that frequent rotting wood. 
The 15.4-Mb genome is divided into eight cho: 
‘mosomes and includes 5841 predicted genes, 
including a group of cellulases and nylanases 
and a number of genes encoding putative xylose 
transporters. Further analysis showed which 
genes in which metabolic pathways respond to 
changes in sylose, glucose, or oxygen. Unlike 
Saccharomyces cerevisiae, which regulates fer 
‘mentation according to glucose availability, 
B. stipitis requlates fermentation according to 
‘oxygen levels, which fs reflected in how the 
genes respond to oxygen. — PIH 

‘Nat. Biotechnol, 25, 319 (2007), 


Generics 
Networking with Your Peers 


Phenotypes embody genotypes, but identifying 
the steps from coding region to phenotypic vai 
ant is not always straightforward because it can 
often involve complex or multiple protein interac 
tions, or both. These interactions can be decom: 
‘posed into the direct regulation of genes through 
protein-protein, protein-DNA, and DNA modifica 
tions such as methylation and an indirect regula 
tion that includes genetic interactions between 
regulator genes. By creating strains of yeast car 
1ying single or double mutations in five transcrip 
tion factors known to affect filamentous growth 
and examining their phenotypes and gene 
expression profiles, Cater etal. employed a sys 
tematic strategy for generating a model that 
ould be used to estimate phenotypic variation 
resulting from the mutation of a gene within a 
network. As a result of accounting for both direct 
and indirect genetic effects, the authors were 
able to predict the expression levels of the double 
‘mutants on the basis ofthe single mutants, and 
to infer functional cross-influences between pre 
Viously unidentified interactions. —LMZ 

‘Mod Syst. Bol. 3, 10.1038/msb4100137 (2007), 
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Warming Island, 


GREENLAND 
Expedition 


September 25- 
October 6, 2007 


This fall, join modern-day 
explorer Dennis Sehmitias 

he returns to East Greenland 
and his discovery—a finger 
shaped island in East Greenland 
now named Warming Istand— 
totally unknown untilitrecenily 


be among the first 10 see this 
spectacular island—a compelling 
indicator of the rapid speed of 
global warming. 
In Reykjavik, leeland, we 
ssenger 
expedition | W/V Aleksey 
Maryshev, and crass the Denmark 
Strait and Arctic Circle to the 
coast of East Greenland. 
Blue whales feed in the rich 
waters, and orcas (killer whales) 
white-beaked dolphins, and 
many sea birds may be see 
Visits will include Scoresby 
Sund, the longest fjord in the 
world, and at Cape Hofmann 
Halvo we will laok for musk 
oxen. Remains of remote Inuit 
villages will be of interest, 
will id other wildlife—all 
st the stunning glaciers and 
nd Mis 


please call (800) 252-4910 
AAAS Travels 


1705 
Cuperti 
Email: AAAStnfoSbetchartexpeditions.com 


Montebello Road 
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Remarkably simple system. 
Simply remarkable results. 


The new StepOne~ System makes it easy to get high-quality 
real-time PCR results 


we 


S 


To learn more about the StepOne Real-Time PCR System or to view a software demonstration, 
visit info.appliedbiosystems.com/stepone 


lied 
Bibeystems 


GEICO could save you $500 a year on car insurance. 
wet Wouldn't that help your bottom line? 


AAAS members could receive a special discount 
on GEICO car insurance. 


Visit geico.com for your free rate quote and be sure 
to select AAAS when asked for your affiliation. 


Special member GEICO offers you: 
aiscountiay + Outstanding, 24-hour service 
SS online or on the phone. 
+ Fast, fair claim handling. 
+ Guaranteed claim repairs at 


GEICO-recommended shops. 


To find out how much you could save, visit geico.com 
or call 1-800-368-2734 today. 
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Discount aroun va 
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In its 16th Year of Honoring Student Inventors 
The High Q_ Foundation is 


establishing a new, early-stage 
Discovery Initiative to provide 
supportfor currently untapped areas 
of Huntington's disease research. 
We are now accepting proposals for 
proof of concept experiments that 
may have relevance to identifying 
novel therapeutic targets. More 
information about the Discovery 
Initiative can be found on our 
website. 


www.highgfoundaton.org/funding.html 


$120,000 in Prizes 
to Students and their Advisors 


The Collegiate Inventors Competition® is a national program 

designed to recognize and encourage graduate and und 

‘students in their quest to invent and develop new technologi 
scientific breakthroughs. 


‘STUDENT GRAND PRIZE o $25.00 (ADVISOR PRIZE o $15,000) 


‘GRADUATE PRIZE ol $15,000 (ADVISOR PRIZE of $5,000) 
‘UNDERGRADUATE PRIZE of $15,000 (ADVISOR PRIZE o 5,00) 


ENTER NOW! 


www.invent.org/collegiate 
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Picturing the Cell 


In an early Drosophila embryo, the 
cell nucel twirl and divide wit 
the impeccable synchrony of 
dancers in a Hollywood musical 
A lengthwise cut through two 
sperm tails shows mitochondria 
lined up tke kesmets in an ear of corn (below). 
Those area couple ofthe highlights from 
this gallery hosted by the American Society for 
Cell Biology in Bethesda, Maryland. 

The videos and electron micrographs have al 
been peer-reviewed to make sure they are scien 
tificaly valuable, included are descriptions of 
what they illustrate and how they were taken 

The gallery boasts a 
slew of historic shots 
from society founders 
such as the Romanian 
‘American scientist 
George Palade, now 
94, who shared a 1974 
Nobel Prize for helping 
to reveal the internal 
Structure and workings of the cell. Curator David 
Ennist encourages other biologists to contribute 


footage and images. 


The Whales of Italy 


It's been a good week for Italian whales—the 
ancient, fossilized kind, that i. Fist, researchers 
discovered a 4-million-year-old whale skeleton 
near Psa, Then amateur paleontologists 
Unearthed the 10-meter-long skeleton of an 
ancient whale under the vineyards of Castello 
Banfi some 55 kilometers from the coast of 
Tuscany. Analysis of surrounding rocks by 
Michelangelo Bisconti ofthe Museum of Natural 
History ofthe Mediterranean in Livorno suggests. 
that the latest fossil (below) is about 5 millon 
years old. I carbon 
14 dating confirms 
the age, says 
paleontologist 
Lorenzo Rook of 
the University of 
Florence, the whale 
“could cast light on 
a stllamysterious 
period” known 

as the Messinian 

6 million years ago—hen the 


salinity crisis 
Mediterranean Sea largely dried up and then 
rellooded as water poured back through the Strait 
of Gibraltar. All of Tuscany was underwater until 


M4 
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‘AFrench architect says he has uncovered the secret to the construction of Egypt's Great Pyramid 
‘of Cheops 4500 years ago: Workers hauled the stones up an intemal spiral ramp. 

Jean-Pierre Houdin has been working on his insight for 8 years, and late last month in Paris, 
he unveiled it along with a video made using new 3D-visualization software. 

Houdin says the usual theories of how pyramids were constructed are impractical: A giant 
ramp would use more stones than the pyramid itself, and a ramp spiraling up the outside 
would make it hard for engineers to get the geometry right. But a 2-meter-wide inner ramp 
solves all the problems, he says. Corners of the pyramid would have been left open, allowit 
workers to maneuver 2-ton blocks around them (see illustration), Houdin is negotiating with 
Egyptian authorities to allow noninvasive testing of his idea using microgravimetry and 
infrared and acoustic sensing, 

The work was done in consultation with Egyptologist Robert Brier of the C. W. Post Campus of 
Long Island University in Brookville, New York, who says, “it's a radical new theory, (but) almost 
all the Egyptology experts say it should be tested.” At least one native Egyptian has reservations 
about it, however: Farouk El-Baz, head of Boston University’s Center for Remote Sensin 

No engineer would ask workers in ancient Egypt” to haul stones up the dim inner ramps. “These 
are people that lve all their lives in the sun, and mast are afraid of the dark.” 


25 millon yeas ago, when complex geologic To raise support forthe critically endangered 
forces raised the Apennine mountains and | beasts, several conservation organizations have 
squeezed the region out of the sea | created The Great Turtle Race, From 16 through 


29 April 11 trtes wil be tracked as they 
Racing With 


migrate from their nesting areas in Costa Rica 
to south of the Galapagos Islands off Ecuador. 
The Turtles 

Close to 95% of 


| The racers are equipped with satellite tags so 
their Locations can be tracked online. The data 
will provide a nearly real-time, turtle's-eye 
leatherback turtles in the perspective on the ocean, including 
Pacific have disappeared in 
the past 2 decades. The 
Costa Rica population has 


measurements of water 
decreased to fewer than 100. 


temperature and depth. 
To pick your turtle, visit 
wow. GreatTurtleRace.com, 
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Yes, it can happen to you: 
you're a young 


cientist making inroads in 


neurobiology 
research, the next Eppendorf and Science Prize for 


Neurobiology could be yours! 


This annual research prize recognizes accomplishments 
in neurobiology research based on methods of molecular 


and cell biology. The winner and finalists are selected 


acommittee of independent scientists, chaired by the 
Editor-in-Chiet of Science, Past winners include 


post-doctoral scholars and assistant pro} 


To be eligible, you must be 35 y 


ears of age or younger. 


If you're selected as this year’s winner, you will receive 


$25,000, have your work published in the pr 
Si 


stigious jour 


clence and be invited to visit Eppendorf in Hamburg, Germany 


Get recognized! 


www.eppendorf.com/prize 


www.eppendorfscienceprize.org 


eppendorf 
& Science 


PRIZE FOR 
NEUROBIOLOGY 


I NEWSMAKERS 
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ACLEAN VICTORY. Kirst was in the shower when her husband, Scott Saleska, 
cried out “We won!” afterreading about the 2 April ruling by the U.S. Supreme Court that 
ses were pollutants under the Clean Air Act. The win was a very personal 


E 


AWARDS 

INNOVATORS. Chemical-sensing polymers that 
match a dog's ability to sniff out explosives are 
keeping U.S. soldiers out of harm's way—and 
have won Massachusetts Institute of Technology 
(INIT chemist Timothy Swager (below) this 
year's $500,000 Lemelson-MIT Prize. 

The polymers, which change color when 
they detect their molecular targets, are the 
basis for bomb detectors made by an 
‘Oklahoma company called Nomadics Inc 
USS. soldiers in Iraq currently analyze people, 
clothing, and automobiles using the detectors, 
which are also part of 
a robotic system for 
prowling through 
danger zones. They are 
among the many corr 
tributions that earned 
Swager one of the 
country’s richest prizes 
for inventors. 

The program also 
bestowed its first 
$100,000 prize for 
sustainability on Dartmouth College chemical 
engineer Lee Lynd. Over 3 decades, Lynd has 
created a raft of technologies for turning 
agricultural wastes and forest trimmings into 
automotive fuel. He recently co-founded a 
company, called Mascoma Corp., to commer 
cialize the technology. 


MOVERS 
TAKING OVER AT NIH. Two acting directors 
have been named permanent chiefs of their 
respective institutes atthe National Institutes 
‘of Health (NIH) in Bethesda, Maryland. 
Griffin Rodgers, 52, will head the $1.8 bil: 
tion National Institute of Diabetes and 
Digestive and Kidney Diseases, where he has 


were key authors o1 


al Protection 


mentioned in the brief 
Ironically, Engel 


been acting director since Allen Spiegel lett 
last March. A molecular hematologist, Rodgers 
has spent his career at NIH, where he helped 
pioneer treatments for sickle cell anemia, 

Hematologist Barbara Alving, 60, will direct 
the $1.1 billion National Center for Research 
Resources, which she has led in a temporary 
capacity since 2005. Alving is a former deputy 
director at the heart institute and head of the 
Women’s Health Initiative. 


BIG SHOES. "Wanted: A world-renowned 
researcher to advise the British Prime Minister 
on all matters scientific. Knighthood almost 
guaranteed for good service.” The British gov 
ernment has put out a job ad along those lines 
now that Cambridge University chemist David 
king, one of the most influential chief scien 
tific advisers in the United Kingdom in recent 
years, is scheduled to finish his tenure. 

King took up the reins in 2000 just before 
an outbreak of foot-and-mouth disease struck 
British farms. His advice on slaughtering 
guidelines is thought to have had a major 
impact on containing the disease. He con 
tributed to an energy-policy review that con: 
troversially recommended a new generation 
of nuclear power plants. And he's probably 
best known for proclaiming in 2004 that 
“climate change is the most severe problem 
we are facing today—more serious even than 
the threat of terrorism.” 

Parliamentarian lan Gibson, former chair 
of the House of Commons’ Science and 
Technology Committee, says King “knows his 
science” and commends him for having 
“stood up to the American government” 
on climate change. King will step down by 
the end of this year. 


Got a tip lor this page? E-mail people@aaas.org 
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= one for the University of Arizona, Tucson, 
Triumphs Saleska, an ecologist, and Engel, an environmental law professor, 
8 friend-of-the-court brief that argued in favor 

of regulating greenhouse gases. Afier Engel linked up with other lawyers involved inthe 
inst the 

cy (EPA), Saleska recruited scientists to help writ 


suit, which was filed by a dozen states and other governmental entities 
US. Environmen 


ument argued that cutting 
1¢. Justice John Paul Stevens cited it when the Supreme Court heard the 
fall, and the 3-4 decision included lei 


\d Saleska met each other in 19 
red academia, and they've coll 
‘Science policy played a role in our com 


uto emissions would substantially mit 


ences to clin 


7 while working at EPA, Fr 


ska. 


ther.” says 


Three Q’s 


John Mather won a Nobel Prize in physics 
lust year for helping to explain the big bang. 
Now he's taking on what some would say is 
aneven tougher job. Last week, Mather was 
named chief scientist in NASA's science 
office, with the goal of helping his boss, 
Alan Stern, rescue an imperited space se 
ence program, Mather will split his time 
between Goddard Space Flight Center in 
Maryland and NASA headquarters, 


Q: Why would a Nobel laureate want 
this job? 

I didn’t need to add this to my résumé. 
But we have an entire planet of people 
complaining that NASA is not doing the 
right thing, We need to show that we have 
a good team and a good plan. 


Q: What's your biggest challenge? 
Understanding earth science, I've got 
most of my information until now {from} 
watching the Weather Channel and Al 
Gore's movie, 


Q: Is your inclination to kill projects or 
spread the pain? 

My instinct is to spread the pain, but 
experience says that is a bad idea. Then 
everyone hurts and nothing gets done. 


faculty members, 


ste research data 


aborated on a few law review articles 
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INTELLECTUAL PROPERTY 


U.S. Patent Office Casts Doubt on 
Wisconsin Stem Cell Patents 


Opponents of the stem cell patents held by 

the Wisconsin Alumni Research Foundation 

(ARF) were delighted last week when the 

government issued a preliminary ruling 
s. Crities 


rejecting the pate 
argued that they are far too broad, cov 


technology that was already in use to derive 
mouse stem cells and laying claims on all pri- 
mate embryonic stem (ES) cells in the United 
States re 
been di 


less of where they may have 
ived. At the same time, patent 
experts caution that it could take years before 
the matter is resolved. 

The 2 April ruling by the US. Patent and 
Trademark Office (PTO) came in response toa 
“request” from two public interest groups for a 
reexi of three WARF patents 
awarded in 1998, 2001, and 2006 (Science 
21 July 2006, p, 281), The patents assert 
Fights over not only the methodol 
cultivating primate ES cells but also, 


ninatio 


xy for 


controversially, the cells themselves 
(SefenceNOW, 3 April, sciencenow 
sciencemag,orp/eui/content/full’2007/4032), 
Those claimsaffect the activities of anyone in 
the United States using human ES cells for 
either research or commercial pur- 


poses. The ruling throws into ques 
tion patents that reportedly have 
earned WARE $3.5 million in 
licensing fees over the past 5 years 
But critics face long odds in 
battling WARE, Grady Frenchick, 
‘patent lawyer in Madison, Wiscon- 
sin, says the PTO initially rejects patents in 
90% of reexamination requests, but only 


12% of questioned patents are ultimately 
thrown out, The rest are affirmed in toto or 
with some modifications. Nonetheless. 
nt lawyer Cathryn Campbell of San 
0. California, says the WARF decision is 
more thorough and detailed “than might usu- 
ally be expected.” She also says each of the 
three patent rejections was signed by a differ- 
ent examiner, suggesting that the conclusions 
are widely shared in the PTO. 

“We're not deluding ourselves that this isn’t 
atough fight,” says WARF Managing Director 
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Carl Gulbrandsen. If the PTO rules against 
WARE, WARF will go to the PTO’s Board of 
Patent Appeals and Interfer I that 
doesn’t work, he says, it’s on to the Federal 
Circuit Court of Appeals in Washington, D.C 
But preliminary as it is, many people are 
gratified by the patent decision. "Nobody 
but everybody seemed 
very, very glad that we did,” 
M. Simpson of the Foundation for Taxpayer 
and Consumer Rights in Santa Monica, Cali- 
fornia, which brought the request last July 


wanted to do anythi 


ys John 


Most scientists doing basic stem cell 
ernment labs are 


ly restricted by WARF'scurrent poli 


research in academic o} 


cies, which require them to pay only $500 for 


WwW ARE 


NONPROFIT COMMERCIAL 


Road rage. The ARF patents have taken a toll on 
stem cell researchers 


a batch of Wisconsin cells. But they object to 
the red tape involved. “Every possible collab- 
oration ... is slowed considerably by having 
to negotiate the WARF Material Tra 
iments,” says George Daley of Harvard 
Medical School in Boston, Massachusetts 
He says if the same rules were applied to 
mouse cells, “our research would grind to a 
halt.” Martin Pera of the University of South- 
ern California in Los Angeles says that 
WARF's grip on “basic platform technolog 
critical to the future development” of the 
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‘on commercial 
applications WARE makes life much more 
difficult. WARF spokesperson Andrew Cohn 
says it’s “too complicated” to explain their 
rates, but Jonathan Auerbach of GlobalStem 
Inc, in Rockville, Maryland, says he's heard of 
x up to $400,000, 
Auerbach says many companies have 
been put off by WARF'S “reach-through” pro- 
visions, which call for royalties on any prod- 


the cells. He says his 
we to deal with WARF 
because it has chosen instead to use human 
embryonal carcinoma cells and human 
ES cells with abnormal karyotypes that 
wouldn't be covered by the patents, Mahendra 
Rao of Invitrogen in Carlsbad, Californ 
that his company-—which is currently negoti= 
ating for a WARF license 
established outposts outside the United States, 


uct developed usin, 


company doesn’t hi 


and others have 


where the patents do not apply 
Robert Lanza of Advanced Cell Technol- 
wy in Worcester, Massachusetts, says his 
company’s WARF license ent: 
fig ual m; 
On top of that, 


Is “a six 


fee, plus an 
“whenever 
a researcher asks us for some 
ES cells—even ES lines we 
derived ourselves: 
ied to pay WARF $5000." Prod 
uct development is also hobbled, 
Geron Corp. in Menlo Park, Cali= 
fornia, has an exclusive license 
from WARE to develop treatments 
based on specialized cells grown 
from the Wisconsin li 


charge. 


wes, Lanza 
says, so “we would be sued if we 
even tried to develop insuli 
cells to treat diabetes” 


producing 


‘Some users are hoping that the widespread, 
complaints could lead WARF to sofien its poli 
cies further even as the patent reexamination 
inds on. In January, for example, WARE 
lifted the requirement that companies must 
obtain a license to sponsor human ES cell 
Italso eased cell- 
fees for transfer of 
and nonprofit 
researchers. Some critics say both decisions 
\were influenced by the pending patent request. 
WARF denies this, explaining instead that the 
decisions are part of “evolving policies 


transfer provisions, liftin; 
cells among academic 


always in favor of increasing access 
CONSTANCE HOLDEN 


www.sciencemag.org 


NORTH KOREA 


Shock brigade. 
‘Some 800 North Korean 


soldiers helped erect. 
Pyongyang University. 


A Mission to Educate the Elite 


SseouL—I 
Korea is emer 


that North 
2 from isolation, the coun- 


iry’s first international university has 
announced plans to open its doors in 


Pyongyang University of Science and 
select North 


Kor 


science disciplines, including computer sei- 


andful of hard- 


ence and en 
said last wi 
Silicon Valle: 
intended to generate jobs and revenue, 

One of PUST'S central missions is to train 
firure North Korean elite, Another is eva 
hile the skills to be taught are techni- 
cal in nature, the spirit underlying this historic 


neering. In addition, founders 
ck, the campus will anchor a 
like 


industrial cluster 


venture is unabashedly Christian.” its found- 
ing president, Chin Kyung Kim, notes on the 
university's Web site (www:pust ne). 


‘The nascent university is getting a warm 
reception from scientists involved in efforts to 
engage the Hermit Kingdom. “PUST is a 
eat experiment for North-South r 
says Dae-Hyun Chung. a physicist who retired 
from Lawrence Livermore National Labora- 


tory and now works with Roots of Peace, a 
California nonprofit that aims to remove land- 
mines from Korea's demilitarized zone. To 
(Chung, a Christian university is fiting: A cen- 
tury ago, Christianity was so vibrant in north- 
‘rea, he says, that 


sionaries called 


Pyongyang “the Jerusalem of the East. 

The idea for PUST came in a surprise over 
ture from North Korea in 2000, a few months. 
fter a landmark North-South summit, A 


decade earlier, Kim had established China's 


first foreign university: Yanbian University of 
Science and Technology. in Yanji, the eapital 
ofan ous Korean enclave in China's 
Jilin Province, just over the border from North 
Korea. In March 2001, the North Kon 
ernment authorized Kim and his back 
‘nonprofit Northeast Asia Foundation for Edu- 
cation and Culture (NAFEC), headquartered 
in Seoul, to establish PUST in southern 
Pyongyang. It also granted NAFEC the right 
to appoint Kim as PUST president and hire 
faculty of any nationality, as well asa contract 


Kono 


NAFEC broke g 


ound in June 2002 on a 


district, on the bank of the Taedong River. Con- 
struction began in eamest in April 2004, That 
summer, workers—a few of the 800 young 


soldiers on loan to the project—unearthed part 
of a bell tower belonging to a 19th century 
church dedicated to Robert Jermain Thomas, a 
Welsh Protestant missionary killed aboard his 
ship on the Taedong in 1866. 

NAFEC’ fundraisi 
and construction halted in fall 
foup intensified its Monday evening prayers 
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and broadened its money hunt, getting critical 


assistance from a US, ally: the former presi- 
dent of Rice University, Malcolm Gillis, a 
well-connected friend of the elder George 
Bush and one of three co-chairs of a commit- 


tee overseeing PUST’S establishment. “He 
made a huge difference,” sys Chan-Mo Park, 
president of Pohang University of Science 


and Technology (POSTECH), another 
co-chair. South Korea's unification ministry 
also quietly handed PUST a $1 million 
ant—more than it has a 


‘ded to any other 


North-South science cooperation project. 
This helped the school complete its initial 
$20 million construction push, 

Atthe outset, PUST will offer master’s and 
Ph.D, programs in areas including computing, 
electronics, and agricultural engineerin 
well as an MBA program. North Korea's edu- 
cation ministry will propose qualified stu- 
dents, from which PUST will handpick the 
ural class of 150. It is now seeking 
45 faculty members, Gillis and other support- 
are continuing to stump for a targeted 
$150 million endowment to cover PUST oper= 
ations, which in the first year will cost $4 mil- 


lion, Undergraduate programs will be added 
later, officials say. PUST, at full strength, 
to have 250 faculty members, 600 grad stu 
dents, and 2000 undergrads, 


PUST hopes to establish research links 
and exchanges with North Korea’s top insti- 


tutions and with universities abroad, “It is a 
very positive sign,” says Stuart Thorson, a 
political scientist at Syracuse University in 


New York who leads a computer science col- 
laboration between Syracuse and Kimehack 
University of Technology in Pyongyang. 
“Key to success will be achieving on-the- 
ground involvement of international faculty 


in PUST’S teaching and research 

Some observers remain cautious, sug- 
that the North Korean military could 
Use the project to acquire weapons technol 


ht simply commander the 
pus after completion, A more probable risk is 
that trouble in the ongoing nuclear talks 


could cause delays. At the moment, however. 
signs are auspicious. Park, who planstoteach 
at PUST after his 4-year POSTECH term 
ends in August, visited Pyongyang last 
month as part of a PUST delegation, 
atmosphere was friendly.” he says, “The t 
sion was The Monda 
continues, justin case. 


one. 
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U.S. IMMIGRATION POLICY 


Study Finds Foreign High-Tech Workers Earn Less 


Many U.S. companies say they hire foreign 
scientists.and engineers because ofa short- 
age of qualified native-born workers. But a 
new salary study bolsters the claim of 
some analysts that a strong reason may be 
w hold down wages. 

The study, by B. Lindsay Lowell and 
Johanna Avato of Georgetown University in 
Washington, D.C., shows that science, tech- 
nology. engineering, and mathematics 
(STEM) workers holding an H-IB—a 
temporary visa granted to skilled foreign 
workers—earn 5% less than natives 
employed in similar positions 
with similar skills and experience 
earn. [tals shows that H-IB visa 
holders who don’t job-hop make 
11% less than natives and that 
those who enter the workforce 
after graduating from a U.S. uni- 
versity earn 16% less. 

There is one group of foreigners 
who do not seem handicapped by 
their H-1B visa status, however: 
Those hired directly trom over- 
seas—45% of the total —make 
14% more than native workers, 
The study, presented last month 
before the Population Association 
of America, uses data collected by 


U.S, ACADEMIC RESEARCH 


the National Science Foundation as part of a 
2003 National Survey of College Graduates. 

These findings could influence pending 
Iegislation affecting a program that every year 
fe in nationals into the 
US. workforce. Business groups want Con- 
-or, better still, elim- 
je—the existing ceiling on H-1B visas, 
arguing that it hurts ULS. competitiveness. The 
workers, many from India and China, are in 
such high demand that this month, the govem- 
ment received applications for more than twice 
the number of slots available next year—on the 


Different 
Pa 


Fair market? Overall, H-18 visa holders earn 5% less than 
native-born U.S. workers holding similar jobs. But the difference 
varies by category of worker. 


NSF to Revisit Cost-Sharing Policies 


Cost sharing has long been a requirement for 
many types of competitive grants at the 
National Seience Foundation (NSF). In 
2001. for example. institutions pledged 
more than half a billion dollars to supple- 
‘ment some 3300 NSF-funded projects on 
their campuses, But despite its value in 
leveraging federal dollars. cost sharing can 
also give wealthier institutions an unfair 
advantage in vying for an award. Soin Octo- 
ber 2004, NSF decided to eliminate the pro- 
vision from future program announcements. 

Now NSF's oversight body. the National 
Science Board, wants to take another look at 
the issue. Some board members worry that 
local and state governments, industry, and 
other nonfederal research partners may lose 
interest in research collaborations if they 
don’t have a financial stake in the project. 
“The original idea was to bring in more 
‘money, but I think cost sharing is really more 
about building partnerships.” says Kelvin 
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Droegemeier, a meteorology professor at the 
University of Oklahoma in Norman who 
volunteered to lead the board's reexamina- 
tion, “The institutional buy-in is an impor 


tant clement, and | wonder if the board went 
100 Far [in 2004] when we eliminated it.” 
The decision to reopen a long-running 
debate disturbs some university administra- 
tors, who note that federal funding already 


end [cost sharing] for many years because of 
‘our concern about how it was being used in 
the evaluation process.” explains Anthony 
DeCrappeo of the Council on Government 
Relations, a Washington, D.C-based associ 
ation of research universities. 

DeCrappeo says grant applicants often 
suspected a subtle bias from reviewers and 
program managers in favor of proposals with 
large institutional commitments. Schools 
were confused about which programs 


very first day the applications could be filed. 

Lowell speculates that foreign workers re 
paid less because they are often compelled 10 
remain with the same employer to get perma 
nent residency within the 6 years of stay 
allowed by their visas. Lowell says this 
“de facto bondage”—the residency process, 
‘which can take years, starts anew if they change 
jobs —has the effect of depressing salaries not 
just for foreign workers but for natives as wel 

‘One solution, Lowell says. is to grant 
permanent residency to foreign workers right 
off the bat, or at least waive the requirement 
that applicants be sponsored by their 
employer, Indeed, several bills would grant 
automatic permanent residency to foreign 
students graduating from U.S. institutions 
with advanced STEM degrees (Science, 
2006, p. 177) 


-tech immigration, 
however, say that the salary differential 
H-1B visa holders and natives 
argues for ending the H-1B program. 
“Either these foreign temporary workers 
are not ‘the best and the brightest,’ or com- 
panies are hiring them to hold down starting 
wage says Jack Martin of the 
Federation for American Immigration 
Reform in Washington, D.C. 
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required cost sharing, he adds, Finally, institu- 
tions at times came up with their share by 
diverting money fiom existing research activ- 
ities. Universities spent 8 billion a year on 
academic research in 2005—more than either 
companies or state governments, he notes, 
and only some of which represents federal 
reimbursement for the cost of supporting 
research on campus—"and there's no reason 
to have additional matching requirement 

Droegemeier says that the board hopes to 
collect data on the impact of cost sharing 
across different NSF programs. He and others 
are especially concerned about no longer 
requiring state legislatures to support the 
perimental Program to Stimulate Compet- 
itive Research operating in 27 states and terri- 
tories that receive relatively small amounts of 
NSF funding. “We want to get community 
feedback.” he says. “But something tells me 
that [eliminating cost sharing] is not the best 
way to go.” “JEFFREY MERVIS. 
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GENETICS 


Mysterious, Widespread Obesity 
Gene Found Through Diabetes Study 


‘The role that obesity plays in diabetes, cancer, 
and other diseases makes our expand 
lines one of today’s most pressing health prob- 
ems. Now, on the genetics front, researchers 
have nabbed a coveted prize: the first clear-cut 


evidence fora common gene that helps explain 
why some people get fat and others stay trim. 
The British team, led by Andrew Hattersley of 
Peninsula Medical School in Exeter and Mark 
MeCarthy of Oxford University, doesn’t know 
what this gene, called FTO, does. But adults, 


and even children, with wo copies of a 
particular FTO va 
3 kilograi 
Variant, th ort in a paper 
published online by Science this week (www. 
‘content/abstract/ 1141634) 
h twin studies have suggested that 


pre than people lackin, 


searchers re] 


seiencemagorg/c 
Althou 
obesity has a 


yenetic component, some earlier 
reports of com a 
paper in Science last year (14 April 2006, 
p. 279), have proved controversial, But this 
new work which involved nearly 39.000 people, 
is solid, says F 
U.S, National Human Genome Research 
Institute in Bethesda, Maryland, 
question that this is correct.” 
The ULK. team first found the gene in typ 
diabetes patients participating in a multi- 
id by the Welleome 


a obesity genes, includ 


icis Collins, director of the 


There's no 


disease study sponsor 


Flab factor. A genetic variant appears to affect some 
people's body weight. 


Trust, the U.K. biomedical charity. Timothy 


Frayling in Hattersley’s lab and his co-work- 
cers first analyzed the genomes of 1924 di 
betic and 2938 nondiabetic individuals, look- 


ing for which of nearly 500,000 genetic mark- 


ers were more common in those with dia 
betes. Those markers helped them home in on 
nucleotide poly- 


a variant, called a sin; 
morphism, in the FTO g 
located on chromosome 16, was a surprise: 


index, or BMI (wei, 


ht divided by he 
squared) that it might control 
tin more than just people with diabetes, 

To find out, 41 collaborators looked for the 
FTO mutation in DNA samples from “literally 
every single study we could” says Hattersley 
including another two diabetes popula 


nine cohorts of white European adults, and 


two studies of European children, In every 


one, the FTO mutation was associated with 
BML. Overall, about 16% of white adults and 
children carry two copies of this variant. They 
are 1.67 times more likely than those lacking 
any copies to be obese, the group reports, 
The researchers don’t know what /7O 
does, But because FTO may lead to a new 
pathway for controlling weight, “we'll have 
people racing the gene's 
function, says obesity researcher Jeffrey 


(0 understand 


Flier of Harvard Medical School in Boston. 
Those studies should help unravel the basic 
biology of obesity 


The paper also underscores the impo 


-¢ of tracking down common disease 


enes in as many groups of people as possi- 


acular de; jon, diabetes, 
and—earlier this month—prostate cancer. 
However, the finding of another obesity 
INSIG2, published last year in Science. has 
held up in only five of nine populations, says 
‘co-author Michael Christman of Boston Uni- 
versity. The case for FTO’s involvement is 
strengthened by the fact that other obesity 
gene hunters are finding the FTO poly- 
[There's] very st 
dence that it’s a gene that affects body 
weight.” says human geneticist David 
Altshuler of the Broad Institute in Cambri 
“That's very excits 

~JOCELYN KAISER 


morphismas well 


Massachusetts. 
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Controversial NYU Institute 
Gets Director 


After a yearlong search, officials at New York 
University (NYU) are hoping renowned classi 
cist Roger Bagnall, appointed last week to 
hhead the new Institute for the Study of the 
Ancient World, will put the controversial inst 
tute on firm ground. The institute was created 
a year ago with $200 million from the Leon 
Levy Foundation, which drew criticism because 
the late Leon Levy owned antiquities that 
some experts claimed had been looted or 
illicitly traded (Science, 31. March 2006, 

p. 1846). “Archaeologists here and elsewhere 
will certainly be watching closely over the 
months ahead,” says NYU anthropologist 
Randall White, who opposed the 
CONSTANCE HOLDEN 


Levy arrangen 


Beijing Betting on the Basics 
China is pouring yuan into its Natural Science 
Foundation of China (NSFC), which funds 
most of the country’s investigator-initiated 
basic research. t announced last month that 
NSFC will receive $556 million this year, a 
20% increase over its 2006 budget. NSFC 
President Chen Yiyu told Science that the 
foundation will continue to emphasize indi 
vidvally directed projects, about one-third of 
which will be in the life sciences. The number 
nts in life and earth sciences 
at levels higher than $200,000 for 
4 years, as opposed to most projects, which 
receive less than $30,000 for 3 years—will go 
up by 30% to 40%, Tian Xiao-Li, a geneticist 
whho last year left the Cleveland Clinic Founda: 
tion in Ohio to join Beijing University, calls, 
the funding jncrease “a very good thing” that 
will attract more researchers back to China, 
HAO XIN 


Making Science Trés Sexy 


PARIS—France urgently needs to take meas 
Lutes to recruit more young people into research 
‘careers, according tothe county's new High 
Council for Science and Technology (HCS1). To 
explain why enrollment in science studies has 
‘dropped some 10% in 10 years, HCST cites in a 
report reasons including uninspiring teaching at 
the high school level andthe publics negative 
perception of science. It proposes media promo: 
tion of science, better trained science teachers, 
immigration reforms, and special attention fr 
irs, The 20-member HCST, chaired by Serge 
Feneuille, a former director ofthe National Cn 
tre for Scientific Research (Science, 17 Novem: 
ber, p. 1059), was called into existence last year 
by research reform lan. -MARTIN ENSERINK. 
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SCIENCE POLICY 


Japan Picks Up the’ 


TOKYO—Kiyoshi Kurokawa, seience adviser 
to Japan’ prime minister since last fall, doesn't 
mince words when it comes to talking about 
what's best for Japan's research and develop 
ment efforts, “First you have to reform the 
leading universities." he says. 

Kurokawa, 70, was offered the job when 
a phone call mpletely out of the 
blue” from just-elected Prime Minister 
Shinzo Abe's office late last September. It 
\was the first time a Japanese prime minister 
had appointed a science adviser. Kurokawa 
suspects he caught Abe's attention with his 
‘outspoken opinions given while serving on 
the governmental Council for Science and 
Technology Policy and as president of the 
Science Council of Japan. The position is 
hot permanent and could disappear if Abe 
fails to lead the Liberal Democratic Party to 
success in elections later this year, 

Kurokawa led the drafting of “Innovation 
25," Abe's vision of how science and technol- 
‘ogy can contribute to Japan’s economic 
urowth out to 2025, Kurokawa laughs about 
“innovation” being in the title of so. 
many recent science policy mani- 
festos. But he firmly believes in 
the recommendations, which 
include making energy and the 
‘environment drivers for economic 
growth, radically increasing fund 
ing for education, and reforming 
Japan's universities. 

University reform is a pet 
topie for Kurokawa, who rose to 
be a professor of medicine at the 
University of California, Los 
Angeles, before returning to 
Japan where, after a stint at the 
University of Tokyo, he became 
dean of the School of Medicine 
‘of Tokai University in Hiratsuka, 
Kanagawa Prefecture, Below are 
his edited comments from an 
interview with Science 

DENNIS NORMILE 


came 


On innovation: 

The innovation Abe is talking 
about is not just technolog 
innovation, but social innovation 
and also nurturing innovative 
people, Japanese society has to 
become more conducive to inno- 
vation and provide opportunities 
for risk-taking. adventurous peo- 
ple. 11's fine to invest in science 
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Innovation’ Mantra 


and technology. That provides the seeds for 
[economic] value. But in this globalized age, 
you really have to compete and deliver the 
seeds of scientific discovery to the marke 
place. That requires social encouragement of 
‘entrepreneurial activities. 


On shifting government spending from 
public works to human resources: 
[The Innovation 25 plan] is a sort of vision 
statement by the government, and each min- 
istry will be asked to follow this road map. 
The overall annual budget should have certain 
ibjectives. But it is very hard to change [pri- 
orities}, be -ach ministry has its own 
[interests] and their budget remains more or 
less the sume fiom year to year 

We could shift public spending more 
toward human resources rather than infra- 
structure. But because of the political decision- 
making process, you have to raise public 
awareness so that any politician [endorsing a 
shift] will be supported. As science adviser to 
the prime minister, I'l try to [do that], 


Radical overhaul. Kiyoshi Kurokana, science adviser to Japan's prime minister, 
‘wants more money for education, but only if universities reform, 


On reforming Japan’s universities: 

At the leading universities, you have to 
choose when taking the entrance exam 
[which academic department] you are head- 
ing toward. Even within a school of engi- 
neering, you have to choose, say, electrical 
engineering, This means that even by grade 
10, students" core studies are shi 
depending on whether they want to 
the natural sciences or social sciences or 
arts and humanities. Why does it have to be 
this way? Let high school students study 
‘whatever they are interested in and get uni- 
versities to allow more flexible choices. 
Right now in Japanese society, if it so hap 
pens that at age 18 you didn’t study (and 
failed to enter university), there’s no second 
chance. Universities should have more fles- 
ible entrance policies. 

Foranother example, [internationalize the 
universities] by aiming for 30% of under- 
graduates to be foreigners. Give them schol- 
arships if need be, The impact of their pres- 
ence would be to change the mindset of 
Japanese. There has been talk 
about Japan becoming a very 


researchers to come for graduate 
study, Let's start at an earlierage. 

Finally, you have to reform 
the Japanese hierarchical aca- 
demic system [in which junior 
researchers work under depart- 
ment chairs). That destroys the 
creativity and independence of 
younger professors. Under this 
inbred system, you're just nur- 
turing cloned professors. 


On the scientific community's 
responsibility to the public: 

People have higher expectations. 
for contributions from the sci- 
ence community because their 
money is spent on research and 
development. The public is more 
informed, and they want more 


return on their investment—and 
that's natural 
The science community 


should be accountable for their 
policy recommendations. Whether 
the science community becomes 
trusted by the public depends 
on doing that. So I think trans- 


weaw.sciencemag.org 
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Rising star. 


Chemists Mold Metal Objects 
From Plastic ‘Nanoputty’ 


Blacksmiths have molded metals for thou- 
sands of years by melting them at ultrahigh 
temperatures. Now, much like potters trans- 
forming clay into ceramics, a group of 
chemists has found a way to assemble tiny 
metal particles into a substance that ean be 
shaped and fired—at little more than room 
temperature, The process creates objects com- 
posed of either single metal or alloys of mul- 
tiple metals, which could make them well- 
suited fora raft of applications including eatal- 
ysis and optics 

The new work, described 
drawing high praise. “It's a very nive way to 
mold particles into whatever shape you 
want.” says Chuan-Jian Zhong, a chemist 
‘at Binghamton University in New York. who 
describes the work as “excellent 

Nanoparticles are the focus of intense 
research because their tiny size lends them 
unique electrical, chemical, and optical prop- 
erties. But when researchers try to join them 
into assemblies, the particles typically create 


rigid erystals that can’t be reshaped. So 
Bartosz Grzybowski, a chemist at Northwest- 
‘em University in Evanston, Hlinois, set out to 
tive nanoparticle assembliesa litte flexibility 
That required striking a very delicate balance. 
§ Ifthe nanoparticles bond too readily to each 
§ other, each particle winds up linked to all its 
§ neighbors, resulting in a tightly knotted ball 
But if too few connections are made between 
particles, the assembly doesn 
Grzybowski and his col 


i 

Hy 

i 3s sporting thiol groups at each end that 
 realily bind to metal particles. In the middle of 
8 

| 


nkers, they placed azobenzene groups that 
change their conformation when exposed to 
ultraviolet light—in this ease. switching the 
§ linkers from oil-friendly hydrophobic com- 
8 pounds to water-friendly hydrophilic ones. 


The researchers dissolved the linkers in a 
mixture of an organic solvent and soaplike 
surfactant and added metal nanoparticles 
nic compounds abbreviated 
noparticles dispersed through 
the solution, thiol groups on one end of the 
linkers displaced w 
cules, glomming 


particles. At this stage, each metal particle 
Was coated by DDA molecules and a few link- 
nts surrounded the linkers* 


ers, and surf 
free thiol groups so they did not “see” any of 
the metal nanoparticles float, 
Greybowski's team flipped on 
the linkers became hydrophilic a 
toward one another in the hydrophobic 
ie solvent. The fre roups latched 
inkers, 


‘onto nanoparticles on neighboring 
creating growing webs of particles. 

The Northwestern team didn’t want all, 
these webs to unite, however, because that 
\would lead toa messy precipitate. After some 
trial and error, they found that ifthey added just 
the right amount of nanoparticles, lange num- 
ber of spherical webs would form, but the par= 
ticle feedstock ran out before they joined up. 
Together, these “supraspheres” formed a kind 
of waxy paste the consistency of putty. which 
could be molded to form essentially any shape 
from spheres to gears, Moreover, when they 
fired their shapes at a modest 30°C. the he 
drove off the onganics and welded the neigh- 
boring nanoparticles together, creating a con- 
tinuous and porous metal network. 

The Northwestern researchers have 
already shown that their newly fired metals are 
electrically conductive. Now they are testing 
their optical and catalytic properties. IFthose 
turn out well, moldable nanometals may end 
up in everything from catalytic membranes for 
fuel cells to novel chemical sensors. 

“ROBERT F. SERVICE 
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Congress Probing Enviro Institute 
‘deadline looms next week for David 
Schwartz to respond to congressional ques 
tions about his office's spending and his other 
activities as director of the National Institute 
of Environmental Health Sciences (NIEHS) 

Henry Waxman (D-CA), chair of the House 
Committee on Oversight and Government 
Reform, and committee member Dennis 
Kucinich (D-OH) wrote in a 30 March letter 
that Kucinich is following up a January inquiry 
regarding Schwartz's controversial efforts to 
revamp NIEHS's journal Environmental Health 
Perspectives. Last year, Schwartz scrapped a 
proposal to privatize the journal, but critics 
Still question his plans to cut cost. 

But now, spurred by what it calls new infor: 
imation from “multiple sources,” the commit: 
tee also wants documents on Schwartz's activi 
ties as director, including his office's budget 
and any consulting or travel he’s done for 
‘outside organizations under the National 
Institutes of Health's strict new ethics rules 
A comimittee spokesperson declined to discuss 
the new information it had received on 
Schwartz, and an NIEHS spokesperson says it 
is “putting [its} responses together. 

“JOCELYN KAISER 


Judge Takes Ax to Forest 
Plan Changes 


Federal agencies misrepresented and buried 
the views of dissenting scientists when they 
decided to make logging easier in the Pacific 
Northwest, a U.S. district judge ruled last 
week. In his decision, Judge Ricardo Martinez 
tossed out the agencies’ changes to the 
Northwest Forest Plan, which puts tight 
constraints on old-growth logging (Science, 
29 July 2005, p. 688). 

In 2003, the U.S. Forest Service (USFS) 
and other agencies proposed to amend the 
way that watersheds are evaluated before log 
ing projects are approved. A numberof emi: 
nent scientists noted their concern that the 
amendment would “remove or weaken several 
key conservation provisions for aquatic 
species.” Martinez ruled that these concerns 
were not prominently mentioned in the draft 
Environmental impact Statement, as required 
by law, and were misrepresented in a sum 
imaty of comments, The agencies were “trying 
to spin what was going on,” says Pati 
Goldman, an attomey with Earthjustice. The 
agencies now have until late June to decide 
whether they will appeal the ruling. 

ERIK STOKSTAD 
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Global Warming Is 
Changing the World 


An international climate assessment finds for the first time that 
humans are altering their world and the life in it by altering climate; 
looking ahead, global warming's impacts will only worsen 


IN EARLY FEBRUARY, THE UNITED NATIONS- 
sponsored Intergovernmental Panel on Cli- 
mate Change (IPCC) declared in no uncertain 
terms that the world is warming and that 
humans are mostly to blame. Last week, 
another IPCC working group reported forthe 
first time that humans —through the 


house gases we spew into the atmosphere and 
fe behi 


change 
! biolo 
‘counts have already associated 


the resulting elim 


many of the physical a 


that medi 


with global warming, Receding glaciers, 


als, acid 


L waves, and butter- 
siting up mou ely all 
ultimately responses to the atmosphere’s 
burden of greenhouse gases, “Cli 
is being felt where people live 
by many species,” says geoscientist 
Michael Oppenheimer of Princeton Univer- 
sity, a lead author of the report. “Some 
changes are making life harder to cope with 
for people and other species 

The latest IPCC report (www.ipee.ch 
‘SPMoavr07,paf) sees a bleak future if we 
humans persist in our ways. The climate 


mate chang. 


impacts, mostly negative, would fall hardest 
(on the poor, developing countries, and flora 
and fauna—that is, on those least capable of 


Wetter’s better? 
Warmer and wetter 
high latitudes will 
yield more crops but 
also more flooding, 
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Even the modest eli- 


adapting to chang 


mate changes expected in the next few 
decades will begin to decrease crop produc- 
tivity at low latitudes, where drying will be 


concentrated, At the same time, disease and 
death from heat waves, floods, and drought 
would increase 


Toward midcentury, up to 
30% of species would be at increasing risk 
of extinction, 


This stark and succinct assessme 
future ... ts certainly troublin 
‘omistand coordinating lead aut yYohe 


Middletown, Con- 
¢ from the final 
up in Bru: 


of Wesleyan Universi 


necticut, in an e-mail mess 
of the IPCC workin 
sels, Belgium. It is now obv 


us, he says, thy 
even if greenhouse gas emissions are imme- 
diately reduced, changes are inevitable 


Humans will have to adapt, if we e 


Toning down the message 
The working group's report had a difficult 


coming-out party on 6 April. Like the reports 


from the two other IPCC worki 
(WGI—see Science, 9 February. p. 754—and 
WGIll, due out on 4 May), Working Group II's 
involved a couple of hundred scientist authors 


from all six continents analyzing and synthe- 


jure over several years. 
Reviews by hundreds 


sizing the liter 


of experts and govern- 
m ted thou. 
sands of comments. 


Twenty chapters total 

700 printed pages 
led to a Technical 
Summary of 80 to 
100 pages and a Sum- 
mary for Policy- 
makers (SPM) of 
23 pages. Then came 
the hard part: the 
4-day plenary session 
in Brussels, which 
brought together sci- 


entists and represen- 


tatives of 120 govern- 


ments. There, una- 
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Drought will return to 
southwest North America, 


“For the first time, we 
concluded anthropogenic 
warming has had an 


influence on many physical 


and biological systems. 


—Cynthia Rosenawoig, 


Goddard Institute for 
Space Studies 


nimity among governments is required on 


every word in the SPM, ostensibly to ensure 
that the pha 
the reviewed science of the chapters, 

This time, there were “bigger bumps than 
normal.” says climate scientist Stephen 
Schneider of Stanford University in Palo 
Alto, 


arly and faithfully reflects. 


California, « coordinating lead author 
‘It was longer and more painfil th 
Oppenheimer agrees. Especially as the dead- 
line approached early Friday morni 
countries —attendees mention coal-rich 
China and oil-rich Saudi A\ 
insisted on substantial 


a few 


most often: 


anges, Sometimes, 
the softening of the summary could be taken 
asa technical adjustment, For example, the 
SPM draft’s “20 to 30% [of] species at 
increasingly high risk of extinction” as the 
world warms 1° or 2°C became “Up to 30% of 
species at increasing risk of extinction. 
Perhaps the most substantial loss from the 
draft SPM was inthe tables, The plenary ses- 
sion eliminated parts of a table that would 


| 

j 

I 

ae} 

Winters in Northesn Arctic permatrost | 
Europe will be less severe. will thaw. 


‘Savanna will replace 
tropical forests, 


Mountain glaciers will 
disappear 


MAP PHOTO CHEDIT LEFT TO WORT, GOCE MARSW/APNOA KAREL MARRY JM MAE 3 /LP STEVE PARRIWAPPGETY IMAGES 


The Mediterranean, 
region will dry out. 


Rising sea level will 
increase coastal flooding, 


IPCC's Projected Impacts 


NEWSFOCUS L 


‘Most corals will ulfer 
major declines 


‘Hi MUIGE SERRAMOIAP ROGER TOMAN COMBS FAALANAK GODHULYIATPOETTY MAGES OVE HOLGHGIADEEMGINE 


have allowed a reader to estimate when in this 


century the various projected impacts might 
arrive. Also dropped was an entire table that 
Jaid out quantified impaets—such as annual 
bleaching of the Great Barrier Reef in the rel- 
atively near term—in an easily accessible, 
ion-by-region format, 


Toning-down aside, “it's still a decent 
ays Schneider. “There are no key sei- 
points that didn’t come through in the 
." sity ecologist Christopher Field of 
Stanford, a coordinating lead author. And all 
of the losses from the draft SPM are still avail- 
able in the 


‘hnical Summary and the under- 
lying chapters for the determined reader. 
However. anyone reading the SPM “should 
understand that the findings are stated very 
conservatively” say's Field. 


Impacts, present and future 

Conservative though it may be, the report 
holds one major first. “For the first time, we 
concluded anthropogenic warming has had an 


influence on many physical and biologic 
systems.” says impacts analyst and coondin 
lead author Cynthia Rosenzweig of 
NASA‘s Goddard Institute for Space Studies 
in New York City coverage of weird 
‘weather and its effects had come to imply that 
global wan s affecting things both liv- 
ing and inanimate, and individual studies 
pointed that way too, but no official body had 
ven the link its imprimatur. 

To make it official, IPCC authors con- 
sidered 29,000 series of observations from 
5 studies. Of those series, 89% showed 
chi ig oF plants bloom 
ing earlier, for example—consistent with a 
response to warming. Those responses so 
often fell where greenhouse warming has 
eatest that it’s “very unlikely” the 


‘glaciers recedi 


changes were due to natural variability of cli- 
mate or of th 
involved. 


physical or biological system 

It's clear it’s not all about future 
says Field. As an example, he cites 
the decline of more than 20% in snowmelt 
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since 1950 as the US. Pacific Northwest has. 
warmed, That puts a squeeze on everything 


from hydroelectric dams to salmon. 


Like the ongoing effects of global warm 
ing, future impacts will vary greatly from 


mn to region. Perhaps the most striking 
nple is shifting precipitation. WGIL 
authors started with WGI's model-based pre 
diction of increasing dryness at low latitudes 
(the US, Southwest and northern Mexieo; the 
Caribbean region, including northeast Brvil: 
and all around the Mediterranean) and 
increasing wetness at high latitudes (northern 
North America and northern Eurasia). They 
then drew on published studies of the effets 
of climate change on crops. 

The resultsofa meta-analysis of 70 model- 
ing studies “are compelling.” says geographer 
William Easterling of Pennsylvania State Uni- 
versity in State College, a coordinating lead 
author. “It's become very clear that in high kat- 
itudes,a warming of 103°C is beneficial for 
‘wheat, corn, and rice. At 


the major cereals. 
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the same time, in low latitudes, even a little 
\warming—1°C—results inanalmost immedi- 
ate decrease in yield.” In the north, the added 
‘water accompanying warming boosts yields, 
but toward the equator, the added heat is too 
‘much for the plants. But “you can’t warm the 
mid-latitudes forever without getting some 
negative response,” says Easterling, “After a 
3°C warming, you get this consistent down- 
turn in cereal yield” even at higher latitudes. A 
3°C warming is possible globally late in the 
century if nothing is done about emissions. 
Other global warming impacts are even 
more localized. As glaciers melt in the next 
few decades in places such as the Andes and 
Himalayas, flooding and rock avalanches 
will increase as the glaciers 
¢ toward oblivion, water 
Sea-level rise from 


More ominous is the reports discussion of 
potentially large sea-level ise. The main state~ 
ment is low-key: “There is medium confi- 
dence that deglaciation of the 
Greenland ice sheet. and possibly the West 
Antarctic ice sheet, would occur overa period 
‘of time ranging from centuries to millennia for 
a global average temperature increase of 
1-4°C (relativeto 1990-2000), causing acon 
tribution to sea level rise of 4-6 m or more.” 
Four to 6 meters of sea-level rise would be 
globally catastrophic. New Orleans, south 
Florida, much of Bangladesh, and many 
major coastal cities would be inundated. Cen- 
turies to millennia might seem like plenty of 
time to deal with this still-uncentain prospect, 
ff. Combine that 
With the table of greenhouse gas-emission 
scenarios dropped from the SPM. and it isevi- 


Ss 
20-10 -5 5 10 20 
Some of both. Global warming will bring more precipitation (bluish) to high latitudes in both winter eft) 
and summer (right) and tess precipitation (reddish) to low latitudes. 


melting glaciers and ice sheets would flood 
low-lying coastal areas, threatening tens of 
millions of people living on the meyadeltas 
ofA a and Asia, such as the Nile and 
Brahmaputra. Coral lives near its upper lim- 
its of temperature, so even modest warming 
is projected to lead to more frequent bleach- 
ing events and widespread mortali 
Extreme heat waves would become more fre- 
quent and more deadly for people. Warming 
and drying would encourage forest pests, 
diseases, and fire, hitting forests harder as 
larger areas are burned. The IPCC list goes 
‘onand on. 

The report also briefly considers 
tially eatastrophie climate events, W 
iy found that in this century, the great 


\water into the chilly far Noth 
only slow, not collapse. So Western Europe 
isn’t about to freeze over. In fact, it would 
\warm under the strengthening greenhou 
But WGII still sees likely North Atlantic: 
effects including lower seawater ox) 
cchanges in fisheries. 
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dent that a 1°C warming would in all likeli- 
hood arrive by 


behere by theend of the century. Although the 
sluggish ice sheets might not respond com- 
pletely to that warming for centuries or mil- 
Jennia, before the century ts up, the world 
could be committed to inundation of its low- 
lying coastal regions. 


The world loses 

» what's the bottom line? WGII did that ca- 
culation too. According to the SPM. “Global 
mean lasses could be 1-5% [of] Gross 
Domestic Product (GDP) for 4°C of warm- 
ge from significant but bear 
able to truly burdensome. “There's too much 
uncertainty in that calculation” to take it too 
ys. That's be 
messy computation involving assumptions 
about all sorts of factors: how sensitive the 
mate really is to added greenhouse gases: 
what people alive today owe to future genera- 
tions: how to balance the needs of greenhouse 
‘gas emitters and climate victims. And the cal- 


sei ause it is a 


culation doesn’t even include many non- 
quantifiable impacts, such as ecosystem 
losses and the conflicts resulting from climate 


costs, The 
‘The net damage costs of 
climate change ate likely to be significant.” 


Economists are “virtually certain,” how- 
ever, that whatever the global climate costs 
prove to be, not everyone will bear them 
‘equally. Some people will be exposed to more 
climate change than others. Some will be 
_more sensitive to it. Some will be less able to 
adapt to it. And some will suffer on all three 
accounts. These people might live in countries 
that lie in low latitudes where drying will pre- 
dominate. Their economies are likely based 
largely on agriculture that is susceptible to 
drought. And they are more likely to be devel- 
‘oping countries without the wealth needed to 
adapt to climate change, say, by building 
irrigation systems 

Because such happenstances of geo 
phy, climate, and economies make some 
groups particularly vulnerable, Yohe says, 
“climate change will impede progress tow 
meeting Millennium Development Goals” 
eight UN.-sponsored goals, which include 
eradicating extreme poverty and hun; 
ensuring environmental sustainabi 
don’t do something about climate, you're 
swimming upstream” trying to meet these 
goals across the world, Fortunately, says Yohe, 
‘many of the steps that would help communi 
ties adapt to climate change would also help 
meet the UN. goals. 

Although the report emphasizes the vul- 
nerability of poorer, developing countries, it 
foresees no real winners. Every population 
has vulnerable segments, Oppenheimer 
points out, In the European heat wave of 
2003 that killed perhaps 30,000, it was the 
elderly. When Hurric: Katrina hit New 
Orleans, Louisiana, killing 700, it was the 
poor. Adaptation—building levees in the 
case of New Orleans—has not worked out all 
that well so far 

And noone region seems exempt. Ina paper 
published online by Seience on 5 April 
(www-sciencemag.org/eui/contenvabstract 
1139601). climate modeler Richard Seager 
‘of Lamont-Doherty Earth Observatory in 
Palisades, New York, and his colleagues look at 
19 global climate models run for the IPCC, 
expect the dryness of the 1930s Dust 
Bowl to return to the American Southwest by 
midcentury, for good. Ifthe models are right, 
the westem drought of the past decade is only 
the beginning. Ifthe world’s biggest emitter of 
house gases needed some prodding to 
take action on global warming, this could be it 

“RICHARD A. KERR 
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IMMUNOLOGY 


The Education 
OfT Cells 


New research on how T cells learn to home 
in on their targets could lead to selective 
treatments that boost or dampen immune 


responses in specific tissues of the body 


Almost 3 decades 
nol 


0, a team of 


ists made an intrigu 
ing observation, They col 
lected white blood cells 
called lymphocytes 
from lymphatic fluid 
(lymph) that drained 
the skin or the gut ofa 
healthy sheep, labeled 
those lymphocytes, 
sand injected them back 
into the same sheep's 


bloodstream. To their sur 


prise, the injected cells didn’t patrol the whole 


body: Cells from the skin region returned 


mostly to the skin, whereas those from the 
intestine homed mostly back to th 

T cells, the infection-fighting immune 
tho 


cells born in the thymus, we 


cruise the entire body via the bloodstream 
and the lymphatic circulation, stopping 
Where they spotted signs of trouble. So how 


did those sheep T cells know to navigate to 


sts hope to 
battle tumors or autoimmune diseases by 


controlling the cellu 


iF immune response in 


one organ, while leavi 


he imm 


ne system 
alone elsewhere. 

The first clues to an answer came from 
Eugene Butcher and Irving Weissman of the 
Stanford University School of Medicine in 
Palo Alto, California, In the 1980s, they 
showed that certain squads of T cells can 
distinguish between tiny blood vessels near 
the skin or near the intestine. Then 
Butcher's team and others identified dozens 


of cell-surface receptors and soluble signal- 
ing chemicals called chemokines 


Psst, here’s the plan. When 2 
cell (top) € 
itactivates it and 


grat 


helped those T cells penetrate and 


‘ol particular tissues. In the 
1990s, Butcher and other 


uncovered a molecular code: 


iologists 
the 
unique combin: 


n of receptors 
and chemokines—that directed 
T cells to, say, the skin or the gut. 


But one crucial ned: 


How does a newborn T cell, fresh 


from the thymus, become programmed. 
‘or educated, to express the combination 


receptors that will let them home toa partic- 


a fundame 
problem in cellular i 


Jeffrey Frelinger of the University of North 
Carolina, Chapel Hill 


Over the past 5 years, researchers have 


begun to crack that mystery. The most 
recent work, which shows how immune 
sentinels called dendritic cells instruct 
T cells where to go, is revealing a layer of 


intelligence in the body's immune surveil- 


lance mechanisms that had gone unde- 


tected, say Frelin .d other immunol- 


ogists. Ultimately, physicians hope to use 
the emerging understanding of T cell tar- 
geting to develop immune-modulatin 


hat 
most part are blunt 


oday’s 


compounds more specific 


drugs, which for thi 


instruments that can cause serious side 


effects. Drugs that direct T cells to specific 


sites could battle tumors, improve vac- 


cines, or ease autoimmune diseases. “One 


can conceivably generate drugs that inte 


fere with organ-specific [T cell] recruit- 


ment without paralyzing immune defenses 


everywhere else.” s 
Ulrich von Andrian of Harva 
School (HMS) in Boston, 
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Tcells on patrol 
When tissue is infected by a foreign agent 
its first line of defense is inflammation, the 


nonspecific response involving pain, red- 


and swelling. Then, over several 


ness, heat, 
days, the immune system activates squads of 
T cell clones. lines of cellseach of which can 
latch onto a single bit of pathe 


infected cell. T cells then neutralize the 
threat, call for backup from other immune 
cells, or both. 

T cell activation bs 
cells, octopuslike cells that roam the body's 


gins when dendritic 


tissues, spot infection and chew up infected 


antigen—a small piece of a 


pathogen or tumor that can trigger an 
immune response. Dendritic cells then travel 
through the lymphatic duets to the nearest 


lymph node, spongelike sacs that serve as 
nal field stations for the immune sys- 


many so-called naive T cells but only acti- 


vate for battle the ones bearing receptors that 


recognize the antigen they carry. The newly 


vigilant T cells multiply into an army of 
clones known as effector T cells that can 
f 


infected or n 


The effector T cells then move from the 


lymph nodes through lymphatic vessels to 
the bloodstream, where they circulate 
throughout the entire body. But to fight 


pathogens, they need to find the site of the 


infection. Immunologists believe that some 


effector T cells stop in any tissue or organ 


where there are signs of trouble, or inflam- 
tn But Butcher and others have long 


concentrated on the more specialized T cells 
that can home back from the bloodstream to 
tissue, such as skin oF gut 

By the early 2000s, Butcher and others 


had uncovered a clever addressing system 


that targets those tiss 


specific T cells to 
the correct home, These T cells use a four- 
step process to exit the bloodstream across 


the walls of tiny veins called high endothe- 


lial venules. Each of the four steps requires 


either matching pairs of Velero-like recep- 


tors on T cells and the venule walls, or 
match 


pairs of other T cell receptors and 
chemoattractants, small molecules that 
make up a tissue’s unique chemical scent. If 
the four correct pairs of receptors and 
chemoattractants are present in the right 
combination, the T cell recognizes th: 


it’sin 


the correct tissue, then squeezes through the 
venule wall to the tissue beyond, Today. 
Butcher says, the field is starting to ask how 


a naive T cell learns to express the correct 
combination of homing receptors for the 
skin, or other tissues 

T cell education, or imprints 


a process called 


191 
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Before immunologists could find out how 
T cells undergo such imprinting, they had to 
make sure it really happened in living ani- 
mals and that the cells were not born “pre 
committed to homing to gut or skin or 
Butcher says, Butcher and Daniel 
Hl, now at the University of Washing- 
ton, Seattle, did that in 2002. They injected 
mice with millions of identical, fluorescently 
labeled mouse T cells, all of which had been 
genetically engineered to recognize an e3 
white protein, They immunized the mice 
ith that eze-white protein, then 2 days later, 
sungically removed lymph nodes and other 
lymphoid tissue from the gut and the skin. 
Inside all the lymphoid tissue they examined, 
the quiescent T cells were being activated 
imo effector T cells that were ready to battle 
the foreign protein. But T cells found in the 
gut lymph nodes produced receptors that 
would help them find their way to the gut 
itself once they had reentered the blood- 
stream from the nodes, whereas otherwise 
identical T cells from the skin lymph nodes 
produced receptors that would direct them to 
skin, the researchers reported in the Journal 
of Experimental Medicine. “Where you get 
stimulated determines which homing recep- 
tors are expressed.” Butcher explains. 

What happens within a tissue’s lymph 
node to program a T cell to migrate from the 
bloodstream to that tissue? Von Andrian sus- 
pected that dendritic cells teach T cells to 
home to the tissue where those foreign bits 
are found, That's because dendritic cells are 
‘on the scene in lymph nodes, embracing and 
helping activate the T cells. 

Von Andrian’s team purified dendritic 
cells from lymphoid tissue (lymph nodes or 
other specialized immune tissue) from 
three parts of the body: spleen (a central 
lymphoid organ), skin, and intestine. They 
incubated each tissue-specific type of den- 
dritic cell in separate petri dishes with 
naive T cells, After 5 days. T cells were 
ready to do battle with pathogens, But in a 
test-tube experiment, only T cells exposed 
to dendritic cells from the Peyer's patch, 
lymphoid tissue in the intestinal wall, 
migrated toward a gut chemokine. 

Then, to see whether the same thing hap- 
pened in living animals, the researchers 
injected mice with fluorescent T cells that 
had been stimulated by one of the three 
types of dendritic cells. T cells ended up 
mostly in the gut when they been activated 
by dendritic cells from gut lymphoid tissue, 
‘but not when they'd been activated by den- 
dritic cells from skin lymph nodes, the 
researchers reported in 2003 in Nature. The 
same year, immunologist William Agace’s 
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team at Lund University in Sweden reported 
that dendritic cells from mesenteric lymph 
nodes, another immune site in the gut, also 
educate T cells they touch to home in on the 
intestines. Together, the results mean that 
“antigen-presenting cells from different 
lymphoid tissues are not equal in terms of 
the story they're telling.” von Andrian says. 

Since then, immunologists have worked 
‘out some of the chapters of that story. In a 
pivotal 2004 paper in Immunity, Makoto 
Iwata of the Mitsubishi Kagaku Institute of 
Life Sciences in Tokyo discovered that vita- 
min A (retinol), which is abundant in the 
intestine but scarce in other tissues, playsa 
key instructional role in T cell homing. In 
test-tube experiments, they found that den- 
ritic cells from the intestinal lymph nodes, 
convert retinol to retinoic acid, which 
induces T cells to make gut-homing recep- 
tors but not skin-homing receptors. Subse- 
quent animal experiments confirmed the 
importance of this conversion to T cell 
homing: Mice starved for vitamin A had far 
fewer intestinal T cells than mice that con- 
sumed enough of the vitamin. 

Recently, Butcher and research scientists 
Hekla Sigmundsdottir and Juntiang Pan and 
their colleagues probed for a comparable 
molecular mechanism in the skin. “We won 


How a newborn T cell 
becomes programmed to 
home to a particular tissue is 
“a fundamentally important 
problem in cellular 
immunology.” 

—Jeffrey Frelinger, University of 

North Carolina, Chapel Hill 


dered if'a similar vitamin or metabolite that 
‘might be restricted to the skin might imprint 
skin homing.” Butcher says. Vitamin D, 
which is mass-produced by skin cells in 
response to sunlight, “was the obvious can- 
didate,” he adds. 

Butcher's team isolated lymphatic fluid 
from the skin of sheep, purified dendritic 
cells from that fluid, and found that the 
immune cells convert vitamin D3. the sun- 
induced variant of vitamin D, into its active 
form. In other test-tube experiments. this 
activated vitamin D3 induced T cells to make 
a receptor that helps them follow their nose 
to a chemoattractant in the epidermis. the 
skin’s outer layer, the team reported in the 
February issue of Nature Immunology. An 
evolutionarily related chemoattractant in the 


gut lures T cells using a different receptor to 
that tissue, Butcher points out. These studies 
indicate that dendritic cells can exploit a ti 
sue’s unique biochemical fingerprint 
its unique mix of metabolites—to educate 
T cells to patrol that tissue, Butcher says. 

T cells specialized for one tissue can also 
be retrained to patrol another area, von 
Andrian, HMS immunologist Rodrigo 
Mora, and their colleagues reported in 2005 
in the Journal of Experimental Medicine, 
They cocultured T cells for S days with de 
dritic cells from the gut, spleen, or skin, 
which imprinted T cells for those tissue: 
They then washed each group of T cells and 
cultured them with dendritic cells from a 
different tissue, After 5 more days with their 
new instructors, “the T cell phenotype would 
always match the flavor of the dendritie cells 
they had seen last.” von Andrian says, That 
ability to reassign T cells to new tissues may 
€ the immune system an important 
degree of flexibility in fighting infection, If 
the pathogen stays put, the immune response 
is concentrated in that tissue, von Andrian 
says. “But if the pathogen spreads, you have 
not put all your eggs in one hasket.” 

Immunologists have begun investigating 
whether the T cell's instructors—the der 
dritic cells—themselves specialize 10 func= 
tion in a particular tissue, or whether they 
simply sense their environment and 
respond. A definitive answer is not yet in, 
Butcher's team found data suggesting that 
dendritic cells have two vitamin D-aetivating 
enzymes no matter what tissue they're 
from, but only in the skin do they have 
access to the sunlight-produced vitamin. 
Agace’s team. in contrast, has found evi- 
nce that at least some dendritic cells are 
more specialized. In a 2005 study in the 
Journal of Experimental Medicine, his 
Swedish team reported evidence of two 
types of gut dendritic cells: one that has vis- 
ited the intestinal wall and can train T cells to 
migrate to the gut, and another, of unknow: 
origins, that can’t. 


Steering cells right 

The new work on tissue homing is 
immunologists’ hopes of specifically boo 
ing or suppressing immunity in selected 
tissues. Most autoimmune diseases involve 
an overactive, self-destructive immune 
response toward a particular tissue: the pan- 
creas in type 1 diabetes, the central nervous 
system in multiple sclerosis (MS), the joint 
in rheumatoid arthritis. Typically, treat- 
ments for such diseases dampen the enti 
immune system and increase the risk of 
infection, Similarly, stimulating the immune 
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to follow their nose back to that tissue, 


system nonspecifically to fight a tissue 
specific tumor can increase the risk for 
autoimmune side effects. 

‘That's where the new knowledge of T cell 
homing can help, Butcher says. Drugs that 
alter homing are not themselves new: in 
1997, Butcherand HMS biochemist Timothy 
Springer co-founded a biotech company 
called LeukoSite, which was later bought by 
Millennium Pharmaceuticals, to develop 
drugs that block the Velero-like interactions, 
and molecular sniffing that help T cells find 
their way into tissues. Many drug and 
biotech companies are still pursuing that 
approach, which has produced a U.S. Food 
and Drug Administration-approved drug for 
MS and drugs for ulcerative colitis and 
Crohn's disease that are currently in clinical 
trials, But blocking a single receptor often 
fails to prevent T cell entry into tissues 
because the receptors involved in homing 
can often fill in for one another. 

Drugs that alter T cell imprinting “might 
bea way around the problem of redundancy.” 
Butcher says. Both gut-homing and skin- 
homing T cells interpret their respective sig~ 
nals, retinoi 
using members of 

} that sense hormones and metabolites and 
; directly control gene expression. Drugs that 


stimulate or alter these nuclear-hormone 
§ receptors already exist. and some are being 
§ tested for autoimmune diseases such as 
§ rheumatoid arthritis or psoriasis. That gives 
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researchers a head start, as those drugs might 
alter the instructions that tell T cells where to 
migrate. explains Butcher. “The exciting 
thing about imprinting is that we're just 
earning about its potential,” he says. 

The recent advances in T cell imprinting 
also create several possible new ways to 
fight disease, Agace says. Most pathogens 
enter the body through the surface, or 
mucoss, of a particular tissue, which means 
that a drug that directs T cells to the mucosa 
could enhance the cellular immune 
response, making vaccines more effective in 
warding off intruders. Other compounds 
could help battle localized tumors. For 
example, coinjecting lab-grown dendritic 
cells, which are already used as an antitumor 
therapy, with compounds modeled on 
retinoic acid could potentially program T cells 
to migrate to a gut tumor and boost the treat- 
ment’ effectiveness, Agace says. 

Retraining T cells could backfire by 
working too well, caution some immunolo- 
tists. In a recent clinical trial, the MS drug 
Tysabri stopped abnormal T cell homing to 
the brain and eased MS symptoms. But it 
also suppressed the brain’s immune surveil- 
lance system so much that a normally 
benign virus began reproducing in three 
patients, ultimately killing them. 

What's more. T cells may not take 
instruction in all tissues, says pulmonary 
physician Jeffrey Curtis of the University of 
Michigan, Ann Arbor. Immunologists still 
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debate whether specific squads of T cells are 
assigned to patrol tissues other than the skin 
and gut. Researchers have been unable to 
find a combination of adhesion molecules or 
chemoattractants that lures specific T cells 
into lungs, he notes. But physiologist Klaus 
Ley of the University of Virginia, Char- 
lottesville, who studies T cell migration in 
Jung and blood vessel disease, disagrees: “If 
I project into the future, we will see more 
homing specificity—for gut and lung and 1 
hope for [atherosclerotic] blood vess 

The research on T cell homi 
now begun to merge with another hot topic 
in immunology: regulatory T cells, a much- 
touted cell type that naturally suppresses 
autoimmune reactions. Several years ago, 
Alf Hamann of Charité University of Medi- 
cine in Berlin and his colleagues reported 
that regulatory T cells isolated from differ- 
cent tissues have homing receptors like those 
that effector T cells sport, Now, in a March 
‘online paper in the European Journal of 
Immunology. they report that these cells, 
like effector T cells, can be programmed by 
dendritic cells, an interleukin, and retinoic 
acid t home to skin or gut. In theory, sub- 
populations of regulatory cells could the 
fore be prepared to tirget a tissue and sup- 
press an autoimmune response. “If you 
could make a regulatory T cell in vitro and 
make it go where you want it to go, that’s a 
cool thing.” Butcher says. 


DAN FERBER 
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ASTRONOMY 


Surveys of Exploding Stars Show 
One Size Does Not Fit All 


Type la supernovae are regular enough that 
universe, But some of the “standard candle 


SANTA BARBARA, CALIFORNIA—W/hy 


knew more about how stars explode. In ps 


ticular, experts on the stellar exp 


known as supernovae wonder whether 
book accounts tell the true 


.est that cosmic evidence based 


Bui 
don’t really know its right, and I think peoy 
Robert Kir 
1 supernova researcher at the Harv 


retical foundation, “We put the theor 


textbooks because it sounds right 


Smithsonian Center for Astrophysics (Cf 
We ke 


in Cambridge, Massachusett > 


ing the same thing, but the € 


doesn't get better, and that’s a bad sign 


Kirshner was among more than 100 expe 
th 
discuss their worries last month at the K: 


on stars ir explosions who gathered 


A) 


Institute for Theoretical Physics at the Uni 


versity of California, Santa Barbara.” Ge 


eral agreement emerged that the textbor 
story “isa little bit of “the emperor has 
clothes,” as Lars Bildsten, an astrophysic 


at the Kavli Institute, put it, “There 


holes in the story 


Understanding type la supe 


provide the most compelling evidence th 


the universe is expanding at an acceleratit 


rate. That acceleration, most cosmologi 


ok 


tronomers can use them to measure the 
are breaking the theoretical mold 


conclude, implies the existence of a cosmic 

uid called “dark energy” that exerts a repul: 
xtbook story, type fa ex 

occurin bin jems where a worn-o 


known asa white dwarf siphons matter from 
nearby companion, When the planet-sized 
dwarf accumulates enough mass to exceed thy 
Chandrasekhar limit—about 1.4 times the 


enough to ignite thermonuclear fusion, blow: 
ing itself to smithereens. 
Because all white dwarfs presum: 


blow up the same amount of mass, the 


should all be equally bright at any given dis 


dimmer than expected, however, 
he universe's expansion f 
Burt figuring out exactly what dark ener 


And 


‘We 


x Filippenko 


ide the needed precision, experts s1y 
do not know the details.” says Al 
the University of California, Berkeley 


There is still a lot of controversy about whi 
exactly is going on ina I 

Several speakers during the Santa Bar- 
bara conference noted pré 
textbook view. For one, as 


explosions in younger galaxies. It may be 


that such differences reflect different 
pathways leading to explosion, hinting that 
pe Ia supernovae come in two distinct 


re is now very strong evidence 


that ... there are very likely two populations 
type fa supernovae,” said Bildsten. 
c ions for brightness differences can 


of the explosion 


ind how rapidly it dims, Such fixes were 


h to establish accelerating expan: 


not for pinning down dark energy’s 


That will require 


ing the nature of the white dwarf's companion 


he explosion, 


ood news from the conference is 
ral ¢ 


indeed explode like a bomb, although vari: 


models, wave of fusion burns slowly 


hrough the star (a process known as det 


ration), ultimately detonating the fast 
burning explosion that mimics 


in the s 
dare car 


fi 


r. however, the elements 


n and oxygen. the clement 


believed to make up the bulk of the white 
dwarf type 1a progenitors, 
Immediate detonation of the entire star in 


a rapid shock-wave blast is unlikely because it 


would convert nearly all the material into an 
isotope of nickel (which eventually decays to 
form iron). Because intermediate-weight ele 


ments (such as silicon) are found in type la 


debris, some of the burnin, be slower. 
A deflagrat 


conference b 


Max P! 


mus 


n model discussed at the 


Wolfgang Hillebrandt of the 
Astrophy 
Germany, seems able to produce 
n, but only if defla 
at multiple points within the star 


ick Institute fi 


Another 
pach, presented by Don Lamb of the 
University of Chicago in Illinois, showed 
how a bubble of fu 


ion beginning inside the 


star can burst out through its surface and 


hen, confined by the star’s gravity, wrap 


Kaboom! Computer models show ways stars might 
explode but not what primes them for the blast. 


around the star in all directions, until 
encountering itself on the other side (see 
figure, p. 194). When the fusing material 


collides with itself 


a jet of material fires 


back down into the star, detonating the full 


fusion explosion, a new three-dimensional 
computer simulation shows, confirming 
the basic picture seen in earlier two- 
dimensional models 

But, as Kirshner pointed out, simulating 
ier 
seen whether the models ca 


an explosion is one thin mains to be 


replicate the 


and mix of elements actually seen in 


various type la explosions, And these mod- 
ls assume that a 1.4-solar-mass white dwarf 
is conveniently available and poised to 
explode, yet nobody knows exactly how 
white dwarfs reach that point, or 
whether there are enough of 
them to account for the observed 
rate of explosions. In fact, most 
observed white dwarfs are typi 
cally only a little heavier than 
half the mass of the sun, far 
below the explosion point 

In the standard story, white 
dwarfs reach the mass limit by 
aceretin 
pi 


hydrogen from a com 
But the ace 


must occur at a “just right” rate 
too fast, and it will be blown away 
by smaller explosions before 
reaching the bomb mass. 
Furthermore, if white dwarfs 
really explode by acereting 


leftover hydrogen should be visi- the na 


ble in the supernova remnan 
But sensitive observational searches have 
think this lack 


failed to find the hydrogen. 
of hydrogen is a ver 
said Filippenko. 


hydro, 


experts to speculate that the companion star 


is not an ordinary hydrogen-rich star but 


something else ps even another 


pe 
White dwarf, But searches find few double- 
dwarf systems likely to become supernovae. 
The Supernova Ia Progenitor Survey at 
European Southern Observatory in Chile 


has observed more than 1000 white dwarfs 
and has found only two double-dwarf sys- 
Ralf Napiwowzki of the University of 
Hertfordshire, U.K.., said at the conference 
In one, the total mass of both dwarfs 
didn’t reach the explosion threshold, and 


tems 


they wouldn't merge for 25 billion years, 


anyway. The other double dwarf falls just 


What next? Uncert 
reof dark energy—and thus 


short of bomb mass. “At the moment, we 
can’t say we have a clear-cut supernova Ia 
i said. But de 
searches may find more candidates, he added. 

If double dwarfs do m ind explode, 
their combined mass could exceed the 
Chandrasekhar limit, producin 


progenitor.” Napiwowz 


ally br 


explosion. And in fact 
ed in 2003 


yne such 
nd 
ure last year by the Super- 


unusual explosion was sp 
reported in Ne 


nova L 


icy Survey, an international proje 

using the Canada-France-Hawaii telescope 

‘on Mauna Kea 
Supernova 2003f 


poks like a type Ta, 
said Andrew Howell of the University of 
Toronto, Canada 


but glows with more 


than double the median Ia brightness. Its 


output st 


sta 


combined mass of more than two solar 


masses, implying (among other possibili 


Big Crunch 


ties in supernova surveys co 


ties) a double-dwarf explosion or the 
rowth of a single white dwarf to la 


than the expected maximum mass. Many 
experts find it hard to envision a single 


dwarf growing that fat, but neither has cur 


rent theory established that the merger of 


two dwarfs would produce the observed 


features of a type Ia explosion, 


In any case. freak explosions such as 
2003fig are just the sort that could contam- 
inate supernova data needed to determine 
Whether dark energ I energy 


is the resid 


of empty space incorporated by Einstein 


relativity asa 
If itis, the ratio of the 


into his theory « ‘cosmo- 


logical constant 


dark energy’s pressure to its density would 
be exactly ~1, at all times and places 
throughout the universe. (Tha 


known as the equation of sta 


because the pressure is negative, ca 
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nuddle efforts to determine 
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ring the dark ener 


gy’s repulsive effect.) 

Ifthe ratio is greater than ~1, dark energy 
could bea new sortof field. sometimes called 
quintessence, that chi 
time, A ratio less than 


s its strength over 


I suggests an entirely 


weird “phantom” eni 
rip the 
and Science, 20 June 


that would someday 
niverse to shreds (See figure below 
2003, p. 1896), 


Current efforts to 


ge the equation of 
state using supernovae are all consistent 
with -1 but not sensitive enough to detect 
small deviations, At the conference, Mark 
Sullivan of the University of Toronto 
reported a Supernova Legacy Survey analy- 
a value of 1,02 
including -1. Michael 
Wood-Vasey of CIA, presenting for another 
supernova survey known as ESSENCE 

reported ~1.05, based on more than 170 super- 


sis of 250 supernovae givin, 
but with an error ni 


novae, but again with uncertainties ki 
h to include ~1 
Reducing such uncer 


enou 


further is a prime goal of several 


supernova-search satellite m 
sions to probe dark energy that 
will be competing for funding, as 
described in last year’s Dark 
Ene! 


y Task Force report p 
pared for NASA, the National 
Science Foundation, 
Dep: 


iment of Energy (www. 
»w/hep/DETF 
FinalRpuune30,2006.pdf), But 
some experts doubt that super- 


enough to identify small devia- 


tions from ~ 1, even with thou 
sands of supernovae observed 
from a dark-energy satellite 
(Some of the proposed missions, 
however, would measure both 
supernovae and other features, such as 
sravitational-lensing effects, that could help 
narrow the uncerta 


ies.) 
In any event, better supernova data could 
still be 


ful to cosmologists, Bildsten 


pointed out, “If there’s really two popula- 
tions, you might decide that one of those 
populations isn’t so good, and if it’s in this 
type of galaxy or that, you don’t use it for 
zy.” he said. “Maybe that's 
helpful information,” 

But whatever help 


supernova 
will still depend on pluggit 


can provide 
he worrisome 
gaps in current textbooks accounts, Kirshner 
said, and answers to many critical questions 
remain elusive. “I wouldn't say it’s 
But if you ask, 
Tdsay t 


he said Are the pieces 


TOM SIEGFRIED 
Tom Sieglried isa writer in Los Angeles, California, 


falling into place 


us ll 
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The Plant Breeder and the Pea 


K. B. Saxena has spent his career trying to boost yields of pigeon pea, a crop relied 
‘on by hundreds of millions of marginal farmers. At last, he’s succeeded 


When he decided on his life's work as a plant 
breeder, K. B. Sax de an unlikely 
choice, The year was 1974, and new varieties 
of rice and wheat were boosting production 
and cutting hunger around the world. With a 
newly minted Ph.D. from one of India’s top 


agricultural universities, Saxena could have 
worked on any of these blockbuster crops. 
gan, 


Instead, he picked 
called pigeon pes 

Although still barely known in the West, 
pigeon pea (Cajanus cajan) isthe main source 


ly, unrefined plant 


of protein for more than billion people in the 
developing world and a cash erop for count- 
less poor farmers in India, eastern Africa, and 
the Caribbean, This hardy, deep-rooted plant 


doesn’t require irrigation or nitrogen fertilizer, 
its 


and it grows well in many kinds of soil. 
such an important crop. and it had been n 
ected,” Saxena says. 

During a 30-year career at the Inter~ 
national Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT) in Pa 
India, Saxena helped create nearly a dozen 
kinds of pig that mature soone 
resist diseases better than do traditional vari- 
eties. Yet the big prize—high- 
hybrids—never seemed within reach.“ 
had lost hope that yield could improve, 
Savena, who narrowly escaped being laid off a 
decade ago and barely managed to keep his 


13 APRIL 2007 


hard times at ICRISAT 
-k. Two yearsago, Saxe 
lly succeeded in creating the first 
n in the world for 
wuldn’t 
India faces a 


program going duri 
Now; hope is bi 


group fi 


ly viable syst 
brid legume seed. It 
at a better time: 
severe enough that the 
government banned exports of itand other so- 
called pulses last year. Last month, (CRISAT 
announced that one of its most promisin 

hybrids can achieve yields nearly $0 higher 
than those of a popular variety. “This will 
become the forerunner of a pulses revolution 
in India,” predicts M.S. Swaminathan, a plant 
breeder considered one of the chief architects 
of the original green revolution. The first 
seeds should reach farmers next year, and 
Swaminathan himself is working on a project 
tomake sure even the poorest can afford them, 


commercia 
produci 
have com: 


Deep roots 
Saxena was inspired to become a plant 

eder when he was in high school. His older 
amaize breeder, would take him into 
‘h fields and explain what he was 
All that stimulation came from my 
* Saxena says. “He encouraged me a 


plant breeding was a hot field, After 
finishing a Ph.D. in cereal grains, Saxena 
joined ICRISAT in 1974, which had been 
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In bloom. K. 8. Saxena (right) and colleagues 
bred countless varieties of pigeon pea to create 
new hybrids 


founded just 2 years earlier to improve five 
semiarid tropical crops: sorghum, pearl millet, 
chickpea, groundnut, and pigeon pe 

There wasn’t much competition to Wo 
on peas, Saxena recalls. Crops took 6 to 


Pig 
9 months to mature, slowing the pace of 
research. And they grew to 2 t0 3 meters tall, 
their pods covered ina sticky gum. “It will 
spoil all your clothes in an hour,” Saxena says, 
“No one wanted to work on sucha dirty crop.” 

But sensing an opportunity—and loving 
the dahl made from pigeon peas—he 
plunged in, By the 1980s, the small team of 
plant breeders at ICRISAT th 
researchers at the Indian Council of 
tural Research (ICAR)—had developed 
early-maturing varieties that ean be har~ 


together with 


ricul- 


vested in only 3 months, That meant an entire 


can be 
northern 


crop of nitrogen-fixing pigeon p 
planted before the wheat crop 


India, helping to restore fertility to the soil, 
New varieties also f 


ured improved resist- 
ded sterl 
ity mosaic virus known as “the g 
plague.” But yields hardly budged. rising to 
aan average of 700 kilograms per het 

The way to smash through the yield bar- 
g plants with hybrid vigor 
This isa well-known phenomenon in which 
the first generation of offspring exhibit 

yield, or overall 
than those of either 


ance to fusarium wilt and the dre 


vastly superior traits 
health, for example 

parent. The process starts with picking the 
best plants from each generation and breed- 
ing them so that all the progeny of each have 
dependable traits, then crossing them, This 
is relatively straightforward and ean be done 


by hand in the preenhouse. 
But making enough hybrid seed to sell 
requiresan easy way to prevent plants of each 


parent variety from fertilizing themselves, 
(Each plant carries both mate and female sex 
organs.) Breeders like to create so-called 
male sterile plants that can't make viable 
pollen but can still be fertilized by pollen 
from certain other varieties. In com and rice, 


varieties had been bred to produce sterile 
pollen by the 1980s 

Breeding sterile plants in pigeon pea and 
other legumes has proven much more diffi- 
cult. For starters, the male and female parts 
exist within the same flower. That means 
researchers must pollinate the delicate ovaries 
by hand, and sometimes only a few percent 
can be successfully fertilized. This and other 
es kept hybrids off the agenda of most 
reeders, “It’s theoretically possible, 
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but it’s hard to do,” says Harbans Bhardwaj. a 
plant breeder at Virginia State University, 
Petersburg. who has worked with pigeon pea. 

Proof of principle came in the late 1980s. 
Working with ICAR institutions, Saxena and 
his ICRISAT colleagues found varieties with 
nuclear genes 1 fe 
Hybrids from this line boosted yield by up to 
30% and did well in field trials, But the males 
\weren'talways sterile—sometimes just a frac- 
tion of the male flowers lacked pollen 
Because not all the seeds produced from them 
\were high-yielding hybrids, companies were 
not interested in commercializing the plants, 

Other setbacks put the project in jeopardy, 
too, In the late 1990s, ICRISAT began 
to have major budget problems 
(Science, 2 January 1998, p. 26), and 
management decided to drop pigeon 
pea research, Saxena pleaded his case, 
but the pigeon pea team was still © 
deeply: the three other breeders were 
laid off, as were seven of 10 t 
cians. After drumming up external 
funding from companies, Saxena 
rebuilt the program. 

The big advance came from find- 
ing plants with genes in their eyt 
plasm that confer mate sterility. Unlike 
nuclear genes, which are segregated 
during meiosis, the eytoplasm is 
passed down through the egestoall the 
progeny, so the offspringof plants with 
the particular eytoplasmic genes will 
all be male-sterile. 

Some hints of 


-ytoplasmic male 
sterility had come early on, when 
breeders managed to produce plants 
With sterile pollen by fertilizing wild 
pigeon peas with pollen from a culti- 
var. But the plants also had sterile 
ovaries. Saxena expanded this effort 
with other wild species, Each year, the 
group made thousands of experimen- 
tal erosses and planted the seeds. Every plant 
\was inspected when it flowered—an onerous 
task, as @ hectare ean contain up to 60,000 
individual plants. In March 1996, a research 
assistant struck gold when he located plants 
\with no pollen in any of their flowers—a sign 
of eytoplasmie male sterility. He dashed off 
on his motorbike to relay the news, “It was 
very exciting.” says Saxena. “People were 
really smiling in the field.” Further testing 
revealed that the sterility was indeed passed 
‘on through the eytoplasm, 

Still, su 
created plants that were male-sterile when 
‘grown in winter but would somehow produce 
fertile pollen in the summer. “Sometimes we 
got frustrated,” Saxena says. Out of five lines 


ss came slowly. Some lines 
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they developed. only one turned out to be st 
ble enough. In order to perpetuate these 
plants, they also had to find a maintainer 
Tine—a nearly identical plant with pollen that 
would fertilize the plants but yield seed that 
would grow up into male-sterile plants. The 
final component was a restorer line, a variety 
that can fertilize the male-sterile plants so 
that the progeny will bear seeds. New traits, 
such as disease resistance, are bred into 
cither or both of the parent lines to produce 
hybrid seed for farmers 

By 2004, the system was up and running 
(Euphytica, October 2005, p. 289). “This is 
a breakthrough in plant breeding.” notes 


Seeing green. Extra yield from hybrid varieties of pigeon pea could raise 
the income of farmers, such as these pea farmers in Eastern Kenya. 


Latha Nagarajan, an agricultural economist 
at the International Food Policy Research 
Institute in Washing, . D.C. “The possibil- 
ities are endless” 


Starter seed 

Of some 300 hybrids tested so far. the best 
called ICPH 2671— yields up to 3 tons of 
con peas per hectare—48% more than a 
used variety known as Murati. “I's a 
quantum jump in yield” says Swaminathan, 
who thinks that yields could even be dou- 
bled with improved cultivation and pest 
management, He notes that legumes require 
careful attention to phosphorus, and Indian 
soil is often poor in micronutrients that 
pigeon pea needs, such as zine and boron, so 
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‘educating farmers about soil nutrition will 
be important. 

In addition to yield, Saxena says that this 
hybrid also does better against drought and 
resists diseases better than do the standard 
lines. “This system that Saxena has developed 
will benefit the small subsistence farmers and 
consumers.” says Sharad Ph horticul- 
turist at the University of Georgia, Tifton, If 
15% to 20% of the acreage is planted with 
hybrids, he reckons, it might take care of the 
pigeon pea shortage. 

There is, however, a downside: Unlike 
traditional varieties, hybrid seed must be 
bought every year, because only the first 
generation has the hybrid vigor. Most 
of those seeds will come from compa- 
nies, Which makes some observers 
worry that small farmers won't be 
able to afford them. ICRISAT has pro- 
Vided the male sterile system, which 
is in the public domain, to a consor- 
tium of 15 Indian seed companies so 
create their own hybrid 
varieties. Several cor 


2671, and Saxena estimates that the 
seed will cost about $3.25 a kilo, 


about 50% more than standard culti- 
rs. He says it's likely that some gov 
ernment agencies will sell the seed at 
half price to poor farmers, 
Swaminathan isn’t taking any 
chances, however, His foundation, 
based in Chennai, is beginning a proj- 
ect to train women to produce the 
hybrid seed themselves from ICRISAT 
seeds. Beginning in June, agronomists, 
about 180 km south 


mostly the wives of subsistence farm- 
ers. The goal is for them eventually 10 
sell hybrid seed in their neighborhoods, 
“The principle is social inclusion and 
hnology access for all” Swaminathan says 
“You can keep the cost of seed lew and increase 
‘employment in villages.” 

Meanwhile, Saxena, now 58 and 2 years 
from retirement, spends half his time pro- 
moting the sterile lines to breeders at univer- 
sities and companies, as well as encouraging 
farmers to try them out. He’salso involved in 
ng the use of pigeon pea in other 
where it’s used in 
several ways but mainly asa quick fix for soil 
erosion. Although Saxena’s work may not 
trigger the dramatic agricultural revolution 
that he witnessed at the beginning of his, 
career, it could still improve the lives of hun- 
dreds of millions of people 
ERIK STOKSTAD 
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NIH Funding: What Does the Future Look Like? 


‘STRATEGIES TO SUPPORT AND FUND THE NATIONAL INSTITUTES OF HEALTH (NIH) NEED TO BE AIMED 
not only at mitigating the long-term effects of the current budget woes, as Elias Zethouni elo- 
quently articulated in his Policy Forum “NIH in the post-doubling era: realities and strat 
(17 Nov, 2006, p. 1088), but also at creating a sustainable model for what NIH does best: indi 
Although the numbers cited by Zerhouni regardit 
Kt mechanisms are reassuring, the Federation of American Societies for 
(FASEB) is concerned that slow erosion of this pool, by internal and 
external pressures, may ultimately diminish NIH's ability to f 
ful pathway to discovery, 


vidual investigator-initiated research, unso- 


licited, independent 
Experimental Biolo; 
nd this extraordinarily success: 


Congress has been supportive of the establishment of new centers, as 
Zerhouni himself has said, as well as initiatives like the growth of the 


Common Fund, The fiscal year 2007 funding resolution specifically 
direets funds for the National Children’s Health Initiative, a dangerous 
precedent that could leave some NIH Institutes stru » find addi 


tional research, Regardless of the merits of any of these projects or mech- 
anisms, itis indisputable that over time the piece of the NIH portfolio ded 
jorinit ow smaller, We 


ted research wil 


icated to independent investig 


need to very carefully consider the wisdom of such alloca 
int, 


mis ata time of 
extreme fiscal const 

FASEB fully 
federal budgets, and inflationary pressures as the major factors in ere 
Wvitonment, Moreove 
tors, improv 


ces with Zerhouni's analysis pointing o increases in application numbers, fat 


ling the current anxiety 


‘we applaud and echo many of the strategies proposed: protect- 


id communicating the value of research to 


ing new investi 


‘Congress and the public are basic principles the scientific community should give the utmost con- 


tle funds they have available and 


sideration, However, as NIH contemplates how to spend wha 


as Institutes go through the “strategic priority setting” described by the Director, i is imperative 


that they contemplate the long-term effects on the ability of creative scie 


ists to pursue 


ideas. Individual investigators have sustained and driven our scientific enterprise for centuries, 


and the scientific enterprise, in tun, needs to LEO. FURCHT 


ain their productivity 


President, Federat 
20814-3998, USA, 


of American Societies for Experimental Biology (FASEB), 9650 Rockville Pike, Bethesda, MD 


IN HIS POLICY FORUM, ELIAS ZERHOUNI 
ant crisis to the infla- 
ant values (—40" 
\d_resultin; 
from an expansion of the faculty ranks 
n ind.a flat NIH bud 
these facts are obvious, but so foo is. 
that the NIH budget did double and the 
enhanced grant values were administratively 
permitted by the very 
str 


consequences of the decision, One wonders, 
ore, whether sufficient lon; 
accompanied the euphor 


attributes the current 


erm plan- 


tion in research project resulting 


from the increase in funding for biomedical 
research that resulted from the doubling per- 
od (1998-2003). 


since 1998), increased den 


jonwide, 


je fact The most commonly expressed concern by 


academic faculty is the administrative status 
of the ROL-equivalent grant (/). Altho 


Zerhouni restated the a 


nent to 


ency that is now 


ggling to deal with the unanticipated initiated research, the data posted 
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by the Office of Extramural Research pi 
different picture (2), The funding, in dollars, 


for RO -equivalents increased between 1998 


and 2005, but the percentage these dollars rep- 
resent relative to the total NIH grant budget has 
been steadily declining, As of the end of fiscal 
year 2003, the ROI-equivalent represented 
12% less of the overall 

1998, the year the NIH bu 
Durin 
increase in the total number of awarded grants, 


rant budget relative to 


this same period, there has been an 


but these increases did not include a sustained 


increase in the total number of ROL-equiva- 
dents aw: 


ded. There was a brief period of in- 
crease in the awarding of ROI-equivalents 
between 2000 and 2003, but this increase was 
all but erased by 2005, This 


means that most of the 
sustained increases in the 
number of NIH awards 
were in non-RO L-equiva 
lent categories, Moreover. 
the number of new investi- 
gator RO l-equivalent grants, 
hhas remained essentially un- 
changed since 1981, includ 
ing the doubling period 
1998-2003. Thus, although the doubling of the 
budget significantly increased the total funds 


arto have been 
torsand, to a 


for research, the increases app 


targeted away from new investig 


lesser extent, away from the ROL-cquivatent 
itself. Collectively, these observations raise 
questionsabout the NIH commitment inves- 
tigator-initiated research, i., the ROL-equiva- 
lent. The problem today is not that there are t00 
few funds available —we have neatly twice the 
funds we had circa 1998, Rather, we have wo rec- 
ognize what grant funding means to the careers 
of academic faculty and thatthe current crisisis 


destroying the careers of people and not just 


canceling grants, and we must really rethink 


how best to distribute the funds we do have to 
tain the careers of institutional scie 
We must, in short, man: 


and distribute funds diffe 


nationwide 
money be! 
wwe look forward. An increase in the NIH budget 
should have led to a sustained expansion of 


research conducted by individual inves 
Instead many of us: down significant 


elements of our programs just to survive 
MILTON H. WERNER 


Laboratory of Molecular Biophysics, The Rockefeller 
University, New York, NY 10021, USA. E-mail: mwemer@ 
octet 
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IN HIS POLICY FORUM, ELIAS ZERHOUNI 
rejected the idea that the NIH Roadmap 
detracts resources from unsolicited investi- 
gator-initiated proposals (ROL), arguing that 


this program is only a small percentag 
the total NIH budget and that it supports 
some ROIs grants, This is not the ease, The 
type of ROIs to which Zerhouni refers 
ves and 


responds to various special init 


program announcements (PAs) covered under 
the umbrella of the Roadmap. Since the 
topic of investigation for these ROIs is 
decided by the NIH administration, they do 


not fit the definition of unsolicited investi 
gator-initiated proposals, On the contrary, 
the success rate of true investigator-initiated 
grants has decreased dramatically, while 
NIH continues to promote multiple special 


programs through the ROL award mecha- 


tor-initiated proposals is lost, the se 
community risks disenfranchisement of its 


role in guiding scientific directions. 

From fiscal years (FY) 2003 to 2005, the 
number of dollars awarded to ROIs has 
decreased by $142 million for unamended 
applications and by $131 million for 
applications (/), In stark contrast, the budge 
the Roadmap has doubled by $203 million 
from FY 2002 to FY 2007 (2). The biodefense 
program is also an expanding priority in the 
NIH portfolio, with a total budget increase of 
$110 million for FY2007 and $182.6 million 
spent on construction inside the NIH campus, 
Furthermore, NIH promotes, at the cost of sev- 
eral hundred million dollars a number of spe 
cial funding initiatives that favor “large-scale 
fishing expeditions.” such as genomic and pro- 
teomic analysis. As an example, the Cancer 
Genome Atlas program has a budget of more 
than $100 million, Therefore, in spite of a 
flat budget, NIH still manages to increase 
resources for multiple programs. Disappoint- 


ingly, President Bush’s FY2008 budget request 
for NIH represents an actual cut of 1.7% (3), 
forecasting a further decline in success rates 
for ROIs. Furthermore, payline levels have 
nificandly lower than they were 
the past. This is ereating disturbing diserepan- 
t review process. Unlike a few 
ay, applications ranked as scien 
may fall in a percentile 
atisnot funded. Applicants and review- 
ers no longer see a connection between scien- 
tific merit and actual awards, and meritorious 
al delays in funding. This 
is deleterious to the scientific progress, Thus, 
effective adjustments should be made to in 


cies in the 


projects suffer fa 


prove payline levels and to truly address the 


problem of the loss of funding of unsolicited 
ROI proposals. 
Zerhouni outlines multimillion-<dollar fund 


ing strategies to preserve future generations of 
young investigators, which also utilize the ROL 
mechanism. The problem het 
existing ROIsare currently slashed with severe 
administrative cuts, endorsed by NIH to fund 
more grants. The new investigator typically bas 
‘one ROI. upon which the salary of personnel, 
hisher stipend, and supplies all depend. In only 
four years, however, the “no longer new" inve: 

Ligator will compete with senior scientists for 


is that new and 


renewal. Chances of success are not very high, 
This scenario applies to senior investigators as 
well, who see severe reductions of their budget 
Thus, since there is no strategy to keep young 


investigators in business once they mature, the 
initiatives in favor of this category of scientists 
_ but short-sighted. The anemic 
ded by NIH hamper everyone’s 
listically perform research. Hence. 
the vicious cycle: less money is awarded per 
ble per 
r for more grant 
g efforts. This further saturates the sys- 
tem by increasing the load of submissions and 
negatively impacting upon success ma 
Zerhouni does not explain how his proposals 
solve this ill-fated Catch 

Zerhouni states that the mission of the spe- 
cial funding initiatives promoted by NIH today 
isto preserve high-risk, high-impact science. I 
believe that this kind of science ts best serve 
when it comes from within the scientific com- 
‘munity. In the postdoubling era, the expansion 


are expensiv 


ad fewer grants are 
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of the Roadmap and of similar funding initia- 
tives comes at the price of curtailing vital 
resources for the unpredictable, creative think- 
ing of sciemtists of all categories. Thus, the 
question is, who should decide what area of 
ion is worth pursuing and Which is 
destined to advance science? Unfortunately, 
the NIH leadership falls short in the credible 
intention of maintaining an acceptable balance 
between its own special funding initiatives and 
investigator-initiated proposals, Changes could 
ind should be made. For example, call for an 
‘open discussion that will allow the active scien- 
tific community to have a more dire 
the way NIH prioritizes the distribution of its 
budget and reduce 
‘number of special funding initiatives, These are 
the kind of measures that should help put some 
money back where it tly belongs: in the pock- 
etsof free-thin 
demic institutions. 


investig: 


s much as necessary the 


scientists tall types of aca- 


[MARIA LAURA AVANTAGGIATIC 


Lombardi Comprehensive Cancer Center, Georgetown Unt 
versity, Washington, DC 2007, USA, and Permanent Mem 
ber ofthe Drug Discovery and Molecular Pharmacology 
‘Study Section, DMP, NIH. E-mail: ma364@georgetown, 
edu 


“The opinions contained herein represent the opinions of 
the individual author and do not necessarily represert the 
‘opinions, policies, or practices of Georgetown University or 
‘the Lombardi Comprehensive Cancer Cente. 
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Response 
I WOULD LIKE TO THANK THOSE WHO TOOK 
time to respond to my Policy Forum about the 
challenges facing NIH and its scientists, Some 
would prefer to dedicate the NIH budget 
to unsolicited investigator-initiated ROL 
rch, and others feel that NIH should 
increase its focus on larger programs, incld- 
ing clinical trials and translational research, 
Clearly, the answer lies somewhere in be: 
‘owen. IF NIH strays too far from fundamental 
research or fails to find more applied science, 
wwe will lose what makes NIH successful 
new scientific insights and knowledge that 
improve health. NIH thrives by promoting 
diverse approaches to science and health, 
based on wide-ranging input and review by 
scientists. However. the majority of our invest- 
ments are and should remain focused on basic 
research, ie... long-term researeh that has a 
high potential for impact. 

NIH leadership is deeply concerned about 
ROI funding levelsand dropping success: 
Of note. the difference in success rate between 
ted and unsolicited grants has remained 
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constant through the doubling, however, unso~ 
licited grants have always been higher. We must 
preserve the strength of the unsolicited investi- 
szitor-initiated ROL program asthe backbone of 
discovery. Today, the ROI program isthe kagest 
program at NIH, in both dollar amounts and 
‘number of grants funded. In absolute dollars, 
the ROL program has grown the most—the total 
number of dollars awarded to RO1s has almost 
doubled in recent years, growing from $5.3 bil 
lionin 1998t0$ 10.1 billion in 2006, The rate of 
increase slowed following the doubling of the 
budget, yet during the period between 2003 and 
2005 the RO1 total funding still increased by 
$500 million, 

However, for NIH'S overall mission to 
succeed, NIH complements ROIs with other 
investments to fill knowledge gaps and find 
emerging areas of science. We consistently 
reach out to the scientific community to help 
inform our decisions as to where the ROL 
mechanism cannot meet the needs of seience 
or scientists, The NIH Roadmap stimulated 
much discussion in this regard. It is not one 
ree initiative created from the top down, but 
is composed of several hundred highly com- 
petitive awards that emerged from extensive 
discussions with working scientists at large 

We also recognize that it is important that 
the size of grant awards rise in parallel with 
biomedical research inflation. This long-term 
strategy allows researchers to maintain their 
purchasing power. This said, in the face of 
unrelenting budget constraints, we made the 
difficult decision to reduce all noncompeting 
Research Project Grant (RPG) commitments 
bby 2.35% in FY 2006 and 3.0% in FY 2007, 
freeing up an estimated $1.35 billion over the 
lifetime of these grants to invest in more com- 
peting RPGs, including ROIs, 

Science is about people. And current con- 
straints are putting some categories of scientists 
atparticular risk. We strongly advocated for the 
ext generation of scientists through new grant 
program for new investigators(/). and this year 
wwe are working to support first-time and mone 
established investigators who are at risk of los~ 
ing their laboratories because they receive 
review scoreson their ROI renewal applications 


Letters to the Editor 


13 APRIL 2007 VOL316 SCIENCE 


that are near but beyond the payline (2). 

We are delighted that Congress increased 
the FY 2007 budget by $687 million. In total, 
‘we are now able to support more than 10,000 
competing RPGs, 1000 more than in FY 2006. 
Yet, the nation sill faces daunting scientific and 
health challenges. We should strengthen our 
common efforts to speak out about the impor- 
tance of medical research o the nation’s health, 
The fundamental problem for the research 
community isthe loss in purchasing power rel 
ative to the ever-increasing scope of research 
needs and demands. As scientists, we need to 
express a broad, compelling vision for the 
future of science, health, and medicine ifwe are 
to sustain NIH Snoble mission. A recent vote of 
renewed confidence in NIH by Congress 
through the NIH Reform Act of 2006 permits 
some optimism, EUAS A. ZERHOUN 


Director, National Institutes of Health, 1 Center Drive, 
Bethesda, MO 20892-0148, USA. 
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Are There Too Many 
Scientists? 


IN THEIR LETTER “DECLINES IN FUNDING OF 
NIH ROL research grants” (8 Sept. 2006, 
p. 1387), H. G. Mandel and E.S. Vesel neiter- 
ated the widespread concern that the low level 
‘and recent decline in funding NIH ROL grants 
has long-term negative consequences for the 
future quality of science. Weinberg ha 
commented that the shift away from funding 
small, independent research groups is detri- 
mental to the progress of science (I). Lagre, 
with these sentiments, but there isanother side 
to the funding issue: Are there too many peo- 
ple trying to do science? 

In both the United States and Canada, the 
budgets of the major national agencies that 
fund biomedical research have more than dou- 
bled during the past decade. At least some of 
that money has made it to the poo! that sup- 
ports investigator-intiated research, yet excel- 
lent proposals from excellent researchers are 
sfill not being funded, and the situation has 
become worse in the past year (2), We could 
lobby for another doubling of the funding, but 
Isee no reasonto expectthe 
ferent: The total amount of science would 
increase. but the probability of continued 
funding and the perceived desirability of sci- 
ence asa career would not. 

Is there a point at which a society is doing 
enough science? Is science so important that 
‘we should always want t0 increase the rate at 


which we do it? Oris it ike almost every other 
government-funded activity, where the propo- 
nents always want more even if we are not sure 
that more is better? If there were only 100 
entists applying for ROL grants each year, there 
‘would be widespread agreement that this isnot 
enough to sustain a vibrant research enterprise: 
if there were a hundred million, even the most 
ardent supporters of research would agree that 
this is too many. The right number, oF range of 
‘numbers, must be somewhere in between, We 
could lobby to keep doubling the funding and 
hope to reach the point where all of the good 
science was being funded. However, iffunding 
for science is like funding for medical care, 
education, or war, there is no precedent to 
expect that inereases in funding will ever match 
the ability to spend the funds, for better or 
‘worse, Altematively, or in addition, if we don’t 
like the mode! of funding that we have created, 
ve should debate the merits of limiting the 
demand for research grants rather than just 
ing the supply of money. 

RICHARD A. COLLINS 
Department of Molecular and Medical Genes, University 
of Trent, Toronto, ON MSS 2A8, Canada, 
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Fishing for Good News 


IN THEIR REPORT “BIOMASS, SIZE, AND TROPHIC 
status of top predators in the Pacific Ocean” 
(15 Dec, 2006, p, 1773), J. Sibert etal, consider 
the effects of fishing on certain top predators in 
the Pacific Ocean. The bad news in their Report 
is that two large and extremely valuable tuna 
species have declined steadily and that the 
proportion of large fish has been reduced by 
80M. The good news is that two smaller and 
ificantly less Valuable tuna and a commer- 
cially irrelevant shark have either not declined 
‘oc have increased slightly, Sibert eral, conclude 
that the impact of fisheries on Pacific top pred- 
ators is “not catastrophic” and that fishing has 
hhad only “minor impacts” on pelagic ecosys- 
tems. Both conclusions merit reexamination 

‘When are we to consider the impacts ofa 
fishery tobe catastrophic? Fisheries managers 
from eastern North America, unfortunate wit- 
nesses to the collapse of some of their most 
Valuable top predator fisheries, no doubt look 
enviously west at the Pacific. But must our 
definition of a fisheries catastrophe be an 
empty ocean’? We are all starved for good 
news from the seas. However, [ would argue 
that we have little reason to rejoice over news 
that the Pacific’s most desirable tunas are 
becoming smaller and less numerous as their 
diminutive, less valuable, and less palatable 


www sciencemag.org 


counterparts increase. 

Itis impossible to evaluate Sibert etal. 3 sec- 
‘ond conclusion because no data are presented 
‘on how fishing affects the Pacific “ecosystem” 
beyond their top predator assessments. To 
understand the impact of fishery upon an 
ecosystem, we need information on how it 
influences lower trophic level organisms, pri- 
mary productivity, and ecosystem processes. 
This is a tall order for the Pacific Ocean. 
However, because it has long been known that 
top predator depletions can dramatically reorder 
marine ecosystems (/, 2), itisdifficult, without 
evidence, to be convinced that removing SO miF- 
ion tons of the Pacifie’s top predators has had 
‘only minorellécts. DOUGLAS J. MCCAULEY 


Hopkins Marine Station, Stanford Univesity, Pacific Grove, 
€A93950, USA. 
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Respons 
MMCCAULEY’S CONCERNS REST ON INACCU- 
rate assumptions and reflect unfamiliarity with 
fisheries management and tuna fisheries in par- 
ar, Contrary to MeCauley's implied aim 
‘other than bigeye and yellowfin 
little value, skipjack tuna is the 
stay of the global canned tuna industry, 
providingan inexpensive source of healthy pre 


tein for millions of people (1). Furthermore, 
blue shark is an abundant and important top 
predator, with annual longline catches in 
the western and central Pacific of 40,000 to 
100,000 tons over the past decade (2), easily the 
largest component of the nontuna catch. 
Reexamination of the structure and fi 
tion of the oceanic ecosystem of the Pac 
‘Ocean should be a top research priority (3). 
The ecosystem effects of fishing are generally 
difficult to evaluate, and there are no widel 
accepted indicators of them (4). More exte 
sive investigations than ours of ecosystem 
structure in the open ocean have shown that 
Jower trophic levels are surprisingly insensi- 
tive to reductions in top predator biomass: the 
‘expected control of food web structure by top 
predators has been difficult to establish (3). 
Decreased average size and reduced bio- 
mass are two textbook examples of the effects 
‘of fishing on exploited populations. Exploiting 
2 fish population will reduce both abundance 
and the average sizes of individuals in the pop- 
ulation. Further, optimal management for yiekd 
‘of a single species will substantially reduce the 
size of the exploited population, Our results 
indeed show that the abundance of fish larger 
than 175 emisabout 20% of what itmight have 
been in the absence of fishing, However. fish of 
this size were never very abundant, comprising 
only about 4% of the biomass in the 1950s 


‘CORRECTIONS AND CLARIFICATIONS 


Reports: virus in a fungus in a plant: three-way symbiosis requited for thermal 
513), On page 514, inthe legend to 
Fig. 4, the colors ofthe histogram ate inverted: The number of dead plats is Hack, 


tolerance” by LM Mirquez et al. (26 Jan, 


and the numberof alive plants i white. 


Repor 
to biodiversity” by 8. Shipley etal. (3 Nov. 2006, 


exponent of The cortect equation is at right. 


“From plant ras to plant communities: a statistical mechanistic approuch 
12). Inthe denominator of 
Eq, 5 on page 813, the expression in the parentheses should have been set as an 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Wetland Sedimentation from Hurricanes Katrina and Rita” 
Torbjérn E. Térnqvist, Chris Paola, Gary Parker, Kam-biu Liu, David Mohrig, John M. Holbrook, 


Robert R. Twilley 


Tuer etal (Reports, 20 October 2006, p. 449) measured sedimentation from Hucicanes Karina and Rta in coastal 
{ovisiana and inferred that storm deposition overwhelms direct Mississipi River sediment input. However, thei annu- 
alized huricane deposition rate is overestimated, whereas riverine deposition is underestimated by at east an order of 
‘magnitude. Their numbers donot provide a credible basis for decisions about coastal restoration, 


Full ext at wo scencemag.oroegikontentAull3 1658222015 
Response T0 CoMMENT ON “Wetland Sedimentation from Hurricanes Katrina 


and Rita” 


R. Eugene Turner, Joseph J. Baustian, Erick M. Swenson, Jennifer S. Spicer 


Texngyist et al. accept the usefulness of our data but confuse hurricane Landfall location with hurricane storm surge 
impacts, misrepresent our data interpretation, and misatribute conclusions to our study. Our study did not attempt to 
address the overal effectiveness of river diversions used or management purposes. We agree that river mouth sedimen- 
tation isan important geological process that may lead to marsh colonization. 


Fall ext at wn sciencemag.orglgitontensAull316/5822/201c 
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(fig. $5). The levels to which abundance of 
some species have been reduced are capable of 
Supporting maximum sustainable yield(MSY), 
‘even though they are less than 40% of what the 
biomass might have been in the absence of 
fishing. Of more immediate concem is that the 
levels of fishing mortality to which some 
species are currently subjected will ultimatel 
cause declines to well below MSY abundance, 
Whether MSY isan appropriate standard foran 
ecosystem approach to fisheries is another 
‘question that is under investigation and debate 
inmany ecological research centers 
The purpose of our article was not to con= 
trive good news. Rather, we strived for an accu 
rate view of the status of tuna stocks and theit 
‘management in the Pacific Ocean, Our purpose 
‘was o show thatthe interactions between fish- 
cries and the pelagic ecosystem are complex 
and not easily summarized in flashy, often 
‘exaggerated, headlines (6) proclaiming the col- 
lapse of ocean ecosystems and the end of fish- 
ing, Effective conservation measures must con- 
sider this complexity. We show that some 
stocks of tuna are being exploited at excessive 
rates. This fact and potential remedies for the 
problem are well known to scientists serving 
the agencies changed with regulating tuna fish- 
cries, These agencies need to fulfill their re 
sponsibility to implement effective science- 
based regulations to maintain these stocks. 
JOHN SIBERT,* JOHN HAMPTON,? 
‘PIERRE KLEIBER,’ MARK MAUNDER* 
Noint institute for Marine and Atmospheric Research, 
Univesity of Hawai, Honolulu, MI 96822, USA. “Oceanic 
Fisheries Programme, Secretariat of the Pociic Community, 
[BP S, Noumea 96848, New Caledonia, Pacific lands 
Fisheries Science Center, National Marine Fisheries Servic, 
National Oceanic and Aimospherc Adminstration, 2570 
Dole Steet, Honoluly, Hi 96822, USA. “Inter-American 
‘Wopical Tuna Commission, 8604 La Jolla Shores Drive, 
La Jolla, CA 92037, USA. 
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How Best to Look Forward? 


M.Bruce Beck 


mally quiet world of environmental fore- 

sight in the Netherlands, Its National Insti- 
tute for Publi Health and the Environment 
(RIVM), officially charged with preparing the 
‘country’s State of the Environment reports, was 
publicly accused of lies, deceit, and shoddy 
‘workmanship with its computer models—by 
Fits own icians (1). The affair 
became front-page news, received prime-time 
coverage on television, and provoked questions 
and debate in the Dutch parliament, Should 
geologists Orrin Pilkey and Linda Pilkey-Jarvis 
‘enjoy such exalted company as a result of any 
Fumpusarising from Useless Arithmetic? Uhawe 
mixed feelings about that —very mixed in fact. 

Tam for the use of quantitative models, 
which this book is not: not in managing fish 
stocks aeross the Grand Banks off Nova 


I 1999, pandemonium broke out in the nor- 


n coping with beach erosion and 
coastal change, 
Jong-term storage facilities for radionuclide 
wastes under Yueca Mountain in Ne 

nor in any of the other case studies through 
which the authors focus their assault on 
such models. Yet, along with the authors, I 


in assessing the security of 


models as truth-generating machine 
Virtual realities eliding (in our minds) into 
realities. Yes, let our quest for explanation 
be drawn along by this ever-receding hori- 
zon: but let us not be deluded into think 


The reviewer is atthe Environmental Informatics and 
Control Program, Warnell School of Forestry and Natural 
Resources, University af Georgia, Athens, GA 30602~ 


2352, USA. Email: mbbeck@uga.edu 
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we shall ever a 
Tam an engin 


these sunlit uplands. 
f, moreover, and growing 
most weary of engineers being the butt of every= 
‘one else's jibes, as they are in this book. Yet I 
know only too well th 
tioning faith placed in models 
and forecasts by some engineer- 
ing professionals, about which 
the authors justifiably complain. 
I would be as exasperated as 
they are when the faithful 
exclaim; “How can my model 
possibly be wrong, when every- 
thing of conceivable relevance 
as been incorporated into 
This was why Leonard Konikow 
and John Bredehoeft pro- 
claimed. in the title of their now-famous 1992 
paper. “ground water models cannot be vali- 
dated” (2): to jolt and jar the 
blinkered out of their com- 
fortable routine and to let this 
be known to the public (for 
whom the current book has 
been written). They did not 
do it, I believe, to place a 
moratorium on the kind of 
‘modeling abhorred by Pilkey 
and Pilkey-Jarvis—although 
both paper and book throw 
down the gauntlet of dispron= 
ing a negative title. which 
then is impossible for anyone 
else to pick up effectively 
But since Pilkey and Pilkey- 
Jarvis are “agi 
in their book. what are they for? 
In his novel State of Fear (3). Mic 
offers this perspective on the state of 
yy in modeling and forecasting the impact of 
climate change on sea levels: “We need more 
people working in the field. in the actual envi- 
ronment, and fewer people behind computer 
screens.” Pilkey and Pilkey-Jarvis would 
ree, although not with Crichton’s “global 
\Wwarming-trashing novel.” I am for data, too: 
first-class modeling demands first-class data, 
wherever we can get ourhands on them, I won- 
der, however, at the authors" notion that some 
definitive, well-chosen fieldwork will alone 
free of a model with which to interpret it 
liminate the uncertainty and banish the ambi- 
uity under which we toil. Dealing with the 
environment is not the stuff of laboratory sci- 


P 


Arithmetic 


by Orrin H. Pilkey and 
Linda Pilkey-Jarvis 


ence. Working on aquatic systems akin to 
Pilkey and Pilkey-Jarvis' case study on abs 
doned pit mines (their “giant cups of poison”), 
Thave expended substantial funds on acquiring 
large volumes of high-quality field data, But | 
have yetto finda model capable of 
those data to the point of utter, unambij 
clarity, There are always suprises and conun- 
«dra: the uncertainty is inehuctable, and not sim- 
ply because of the inadequacy 

How will the authors go forward into the 
future? For they admire those 
who attempt to model the 
Propagation of invasive plants 
through an ecosystem, who 
possess humility—apparently 
absent from the likes of me 
in the face of staggering com- 
plexity. They wish fora “quali- 
tative world” populated by 
qualitative models, even a 
“world without [quantitative] 
models” but with “adaptive 
management” instead. 

My world embraces and celebrates themall. 
All manner of models, to be chosen (like a set 
‘of tools) to suit the particular task, Lay stake 
holdersin the here and now, doing what they do 
best (imagining their worst fears and best hopes 
for the future) with their mental models, fuzzy 
calculus, or belief network models. Webs of 
tentative cause-effect couples fed, perhaps, by 
bizarre boundary and initial conditions, hence 
todeducea rich heterogeneity of future patterns 
‘of environmental behavior—some radically 
different from what we have come to know and 
Jove. Quantitative modelers (engineers indeed) 
doing what they dobest: mobilizing the current 
science base (uncertainties, warts, and all) into 
a computational model; thus to assess the plat 
sibility of the imagined futures, under gross 
uncertainty: thus to identify what we would 
mos like to understand much better, in the here 
and now, about the uncer 


ments of the science. the poli 
nologies) that are crucial to discriminating 
between the reachability of our worst fears or 
‘our greatest hopes. Nothing stands still: not 
images of the future, nor our qualitative mod- 
Jr our quantitative models, Call this living 
in a “recursive predictive world” [as I have 
labeled it elsewhere (4)}. a collective form of 
adaptive community learning. We condition 
the step we take today on contemplation of 
night be several steps hence and 
revisit such conditioning and contemplation 
‘each and every day. No hint hereof forecasting 
the state of nature at some point on the globe at 
some instant in the future. 

If, on reading the title of this book. you 
clench your fist and punch the air while shout- 


wewesciencemag.org 


ing “Yes!", you might just stop there. If you 


\wring your hands in despair at the impossibil- 
muntlet, read on 
c 


ity of picking up the authors’ g 
and be frustrated, as I was, Be also sore afi 


make mischief for you with the title 
Today, eight years on from the Dutch 


scandal, no one makes more 
s than does the Netherlands’ RIVM 
to accommodate and cope with the uncertain- 


ous eff 


ties of environmental data and models, hence 


to achieve the greatest possible quality in gen- 
erating environmental foresight. They had laid 
the foundat 

scandal broke 


ns for so doing long before the 
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DANCE 


From the Big Bang 
to the Mind 


ancously, Across a big empty stage, the 


man glided between quadrants defined by a 
lowing crosshairs. Meanwhile 


seto pro: 
jected onto the wall behind him was an enor 
mous image of a brain, a top-down cutaway 


view divided by similar cross! h time 


the man drifted to a new place 


on the grid,asplaverofred 


splotches danced across the 
brain into a new pattern. 

The man was Cese Gela- 
bert, one of Spain's most cele 


aphers. The 


performance within a dance 
called Orion, which he cre 
ated for the Barcelona festival 


of science. The brain was 
indeed Gelabert's, and it was 

intimately observed by Oscar Vilarro 
neuroscientist at the Autonomous Univer- 
sity of Barcelona, using functional magnetic 
resonance imaging (MRI). Long before the 
performance, Vilarraya loaded Gelabert into 
an {MRI magnet and played a recording 
of the accompanying music. The device 
tracked the evolving pattern of oxygen con- 
sumption by Gelabert’s hungry brain cells as 


by Cesc Gelabert and 
the Gelabert-Az 
Dance Company 


he imagined himself going 


through the motions—and en 


tions—of his dance 


This collaboration between 
tist and scientist is a long- 
ech 
na year, Gelabert and 


standi 


for more 


Vilarroya met foran ongoing con- 


The seed of inspiration 
« that conscious experi 
somehow, astound: 


LS kik 
m that startin 


rams of We 


they rode the redu 
If the 


coaster backward in time 
mind ¢ 


does the brain come from? If the 


brain is the result of a genetic blue 


Print for wiring up neurons, then where did the 


For most of us, the conversation ends when 


someone notices the li 
but Gelabert and Vil 

thread. Their discussion of evolutionary biol- 
ogy led t DNA. 


n the early Earth, And they kept right 


ht of dawn and sighs, 


ova never dropped the 


formation of our Sun: fn 


wm the: 


regation of 


oms, the fundament 
mic inflation, and finally, 


alaxies to the first 


course, the big bang, It is a measure 


Gelabert’s insatiable curiosity and ambitic 
that he set out to tell the story of this conversa 


rr 
mgeously. Lights 


tion in reverse, in its entirety, throu 


The performance begins 


up on seven dancers. As a solo harpsichor 


arpeggiates out the prelude to Handel's Suite 
Number Three, the dancers create a 200 of pair= 
\Wise interactions, encapsulating the behaviors 


(Don'task which 


resounding slap to the buttock 
on! of a stony-faced woman 

we're not meant to.) With the 

ru play suggested, the 

suddenly dim and 


bloody as the theater's ably- 


equipped sound system pro- 


bes 
described as an underground 
nuclear test played in ultra-slow 
motion, What makes the ensuing scene work is 
that we're not allowed to catch our breath. As 
the dancers bring the rapidly evolving universe 


ing. they seem to say: “There’stoo much 


ch!” The effect is enhanced by 


d by 


the Spanish filmmaker Paco Peri 


vide myopic snatches of the so 


Jata produced by particle collisions. 
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From here, we dance through the history of 
the universe along a logarithmic scale, By the 
time we reach the midpoint, we've already 
cen inflation, solar systems, complex mole 
cules, cells, and multicellular organisms, and 
in the dis- 


judging by the sound of bird son; 
tance, we're past the Cretaceous by the intet= 


n. The final act is devoted to the past 


few million years of human evolution, both 
anatomical and cognitive 

Gelabert is at his best when he keeps the 
concept abstract, allowing us to focus on the 
formance, At times he beats us over the 
head with literalism; During a footrace 
between knuckle-walking dancers, the losers 


curl up and play “extinct” while the survivors 
gradually stand erect, (And just in case you 
haven't gotten it, Perifiin’s increasingly dis- 
tracting projections include pictures of pri: 
mates, rock art, early weapons, and s0 forth.) 
Another source of frustration is that Gelabert 


never settles on a consistent mode of expres- 
n. What 
into mime and clowning, such as the del 
ful conga line of DNA dancers who replicate a 


begins as dance eventually slides 


gestures as mutation sets in, By the 


tend, Gelabert has abandoned dance and relies 
on props: A woman peels herself out of a full- 
body condomand collapses in a melodramatic 


ending that is pure performance art. 
These 


s aside, my main complaint 


about Orion is that it offers too much of a 
zood thing. The dance is divided into thirds: 
life, the human bei 
nded, each of these sections could have 


matter Once 


exp 
formed a successfil composition on its own, 
Gelabert’s aim was to capture the thrill and. 
the 
the overall effect left me wanting 


mystery of the scientific worldview 
Althou; 


less, not more, he does pull it off in many 


shining mome 
“JOHN BOHANNON 
10.1126/xence.1141808, 
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Environmental Monitoring 
Network for India 


R. Murtugudde, G. Srinivasan, S. Sis 


P.V, Sundareshwai 


{An integrated monitoring system is proposed 
for India that will monitor terrestrial, coastal, 
and oceanic environments. 


.K.J. Ramesh, R. Ramesh, 


8.B. Verma, D. Agarwal, D. Baldocchi, C. K. Baru, K. K. Baruah, G. R. Chowdhury, V. K. Dadhwal 


C.B.S. Dutt, 


|. Fuentes, Prabhat K. Gupta, W. W. Hargrove, M. Howard, CS. Jha, S. Lal, 


W.K. Michener, A. P. Mitra, J. 7. Morris, R. R. Myneni, M. Naja, R. Nemani, R. Purvaja, S. Raha, 
S.K. Santhana Vanan, M. Sharma, A. Subramaniam, R. Sukumar, R. R. Twilley, P. R. Zimmerman 


derstanding the consequences of g 
bal environmental change and its miti- 
jon will require an integrated global 


effort of comprehensive long-term data collec 
mnthesis, and action (/). The last decade 
hasseena dramatic global ine 
ber of networked monitoring sites. For exam- 
ple, FLUXNET is a global collection of >300 
micrometeorological terrestrial-fux research 


ase in the num= 


sites (see figure, right) that monitor fluxes of 
CO, water vapor, and energy (2-4). A 
albeit sparser, network of ocean observation 


sites is quantifying the fluxes of 


gases (GHGs) from oceans and tl 
slobal carbon cycle (5, 6), These networks are 


‘operated on an ad hoe basis by the scientific 
community. Although FLUXNET and other 
observation networks cover diverse vegetation 
types within a 70°S to 30°N latitude band (3 
and different oceans (5,6), there are not com- 
prehensive and reliable data from African and 
Asian regions. Lack of robust scientific data 
from these regions of the world is a se 
impediment to efforts to understand and mit 
ate imp, ind environmental 


change (5. 
The Indian subcontinent and the surround- 
ing seas, with more than 1.3 billion people and 
uunique natural resources, have a significant 
impact on the regional and global environment 
but lack a comprehensive environmental ob- 
servation network. Within the government 
of India, the Department of Science and Tech- 
nology (DST) has proposed filling this gap 
by establishing INDOFLUX, a coordinated 
multidisciplinary environmental monitor- 
ing network that integrates terrestrial, 


coastal, and oceanic environments (see 
figure, right) 

In.a workshop held in July 2006 (8), a 
team of scientists from India and the United 
States developed the overarching objective: 


forthe proposed INDOFLUN. These ate 10 


The authors were members of an indo-U.S. bilateral 
workshop on INDOFLUX. Affiliations are provided in the 
supporting ontne materia 


*puthor for conespondence. E-mail: pws@sdsmt.edu 
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Current monitoring sites in FLUXNET, Sites are shown in red, and global representativeness és estimated by 
Global Multivariate Clustering Analysis (24-26). Darker areas are poorly represented by the existing FLUXNET 
towers. Enviconmental similarity was calculated from a set of variables (precipitation, temperature, solar flux, 
total soil carbon and nitrogen, bulk density, elevation, and compound topographic index) a a resolution of 4 km, 


resources, these goals include an assessment of 
the vulnerability and consequent risks to its 


provide a scientific understanding (i) of the 
coupling of atmospheric, 0 


nic, and 
trial environments in India: (ii) of the nature 


social and natural systems 
Climate change will alter the rey 
sphere-climate feedbacks and lind-oee 
pling, Although global models reliably predict 
the trend in the impact of climate change 
on India’s forest resources, the magnitude 
of such change is uncertain (9). Similarly 
whereas all ove: 
ming (70), the Indian Ocean 
has shown higher-than-average surf 
ally during the last 


and pace of environmental change in In 
and (iii) of subsequent impacts on provision of 


ecosystem services, Also, in order to evaluate 
What will enable India to sustain its natural 


global v 


warming, espe 
five decades (//, 12). This warm- 


may have global impacts (/3, 

14), even though the impact on 

‘ the Indian summer monsoons is 
not well understood (15, 16), These 

uncertainties highlight the need for 


sional data 
observed in the Gulf) 


regional models driven by re 
As the hypoxi 
of Mexico is related to agricultural prac- 
tices in the watershed (/7), Indian Ocean 
studies also indicate couplings between 
mainland activities and offshore and 
‘Asschematic of the INDOFLUX proposal. 
Placement of stations reflects different 
climactic, vegetation, and land-use areas. 
Final locations will be determined as 
part of the formal science plan. 
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coastal ecosystem processes, with characteris 
ties that differ dramatically between the 
Arabian Sea and the Bay of Bengal (/8). 
‘Countries in the Indian subcontinent (India, 
Pakistan, and Bangladesh) collectively rank 
‘among the highest in the ratio of total popula 
tion to length of coastline, as well as in ratio of 
land area to length of coast. This suggests that 
Jand-use effects on coastal processes and vice 
versa (ie. sea-level rise), will be extreme. For 
developing countries suchas India, with a large 
rural population dependent on the agricultural 
sector and natural resources, it is imperative to 
implement scientifically informed policy deci- 
sions and management strategies (/9). 

INDOFLUX will help assess the status of 
the environment in the Indian Subcontinent anxl 
surrounding oceans and will create a baseline 
from which to evaluate future environmental 
‘changes, India's current GHG liability is roughly 
1 billion metric tons annually (20). India is 
presently a non-Annex I country in the Kyoto 
Protocol of the United Nations Framework 
‘Convention on Climate Change and is exempt 
from binding GHG emissions tangets, but as it 
rakes the transition to a developed economy, 
status could be revised. India hasealled fora 
‘comprehensive, long-term monitoring network 
toaccurately assess India’s GHG inventory and 
its vulnerability and adaptation to environmen- 
tal change (20). The proposed INDOFLUX 
system will provide a map of sourcesand sinks 
for carbon and GHGs from various Indian 
landscapes and will help develop strategies for 
mitigating domestic and global emissions. 
In addition to assessing the GHG footprint of 
‘ecosystems in the region, the INDOFLUX 
will also help evaluate the impact of environ- 
‘mental change on ecosystem services providked 
by them, 

‘The DST has requested about US, $50 mil- 
lion for the next 5 years to implement the 
INDOFLUX network. The money is now ear- 
marked in the 11th 5-year plan. However, for 
the funds to be released, the scientific commu 
nity must present a formal plan to the cabinet 
during the current fiseal year (April 2007 to 
March 2008). 

INDOFLUX will build on ongoing national 
fie programs. For example, the India 
Meteorological Department has initiated a 
climate-telated environmental monitoring 
program that includes sampling of CO, con- 
‘centrations at various stations. The National 
Physical Laboratory and their collaborators 
have assessed the GHG footprint for India 
(20). The Bose Institute operates a facility 
at Darjeeling for a comprehensive study 
of the atmospheric environment of the East- 
em Himalayas. Similarly, the Indian Space 
Research Organization’s Geosphere-Biosphere 
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program collects flux data for GHGs. mainly to 
understand surface-atmosphere interactions. 
The National Institute of Oceanography 
has carried out studies of physical and bio- 
geochemical ocean processes, and the Indian 
‘National Centre for Ocean Information 


vices has been a partner in the Argo program 
(2/) 10 measure ocean temperature and salinity 


Representative environmental variables to be 
‘measured at individual monitoring stations of the 
INDOFLUX network, Parameters will be finalized as 
part ofthe formal science plan. PAR, photosyntheti- 
cally active radiation. 


Most of these efforts occur under the aegis 
of various onganizations and are not sustained: 
furthermore. the data sets generated are often 
not integrated. A unique feature of INDOFLUX 
is the intention to integrate different ecosystem 
data from the start. Each station in the network 
\will monitor several variables (see table, above). 
The volume of national-level data generated 
will require dedicated and secure data ware- 
housing facilities. as well as high-powered 
‘computing facilities to convert data into predic- 
tive insights through dynamic models. 

The sustained observation network should 
be created in a phased manner under one 
agency such as the DST, with support from 
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other departments and ministries. This will 
immediately serve to inerease the retum on in- 
vestments in similar programs by the partici- 
ppating agencies. It will also ensure that INDO- 
FLUX will be a comprehensive network that 
integrates not only the tind, coasts, and! oceans 
but also relies on a multiagency partnership for 
its operation and governance. 

This new program has a critical opportunity 
to develop protocols, data and metadata 
standards, and cyber infrastructure to ensure 
interoperability with other international ob- 
serving systems projects. Indeed, the valid 
and global relevance of INDOFLUX andl other 
regional networks is predicated on efficient 
reciprocal data-sharing and communication 
protocols with global partners in real time, 
With the data zenerated the scientific commu 
nity can deliver the necessary scientific foun- 
dation for the development of long-term, di 
fensible government policies to tackle environ- 
mental change and to meet our obligations 
under international accords. The data will sup- 
port economic and strategic cooperation and 
collective actions internationally. 
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MEDICINE 


LIGHT Hits the Liver 


Géran K. Hansson 


therosclerosis, the underlying cause 
of most cases of myocardial infarc- 
jon, stoke, and gangrene isthe most 


common lethal disease in Western societies 
and is expected to become the number one 
killer globally by 2020 (1). Its an inflamma- 
tory disease triggered by the accumulation of 
plasma lipoproteins in the artery wall (2). In 
this scenario, lipids cause inflammation, 
However, a report by Lo er al. on page 2 
this issue (3) turns the situation upside-down 
by showing that two factors produced by 
immune cells—the cytokines lymphotoxin 
and LIGHT—cause the amount of lipids in 
the blood to increase, 

Sev cated the tumor 
necrosis factor superfamily of proinflamma- 
tory cytokines in lipid metabolism. Tumor 
necrosis factor was discovered not only as 
a soluble protein that induces the death 
of tumor cells but also as a molecule 
(cachectin) that eauses hypertriglyceridemia 
and wasting of musele and fat tissue (4) 
These effects are due to its inhibition of the 
enzyme lipoprotein lipase, thus limiting the 
supply of fatty acids for energy production 
and fat storage. These remarkable metabolic 
effects of this cytokine did not attract as 
much attention as its proinflammatory 
actions and its ability to promote cell death 
However, recent findings of tumor necrosis 


factor secretion from adipose tisste of indi- 
Viduals with metabolic syndrome, a condi- 
tion predisposing to atherosclerosis, have 
focused much interest on the metabolic 
action of this cytokine and its cousins (5). 
Several of the more than 40 members of 
the tumor necrosis factor superfamity of pro- 
inflammatory molecules are soluble eytokines: 
others are membrane proteins that can 
receptors on adjacent cells. There is substantial 
cross-talk between receptors and ligands. Two 
members of this family, lymphotoxin and 
LIGHT, share many features with tumor necro~ 
sis factor (the prototypic family member) such 
as promoting inflammation and host de! 
against pathogens, and they have been impli- 
cated in several inflammatory diseases, inchud- 
ing rheumatoid arthritis and Crohn's disease 
(6). Twoother supertamity members, CD40 and 
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An inflammatory molecule on the surface 
of certain immune cells increases the 
concentration in blood of fats associated 
with atherosclerosis. 


Very-low-density 


— 
© ners 
ens Upoprotens 


Low-density 
Lipoproteins 


‘herosclerosis 


Lipotysis in the liver. Lipoproteins called chylomicrons and very-low-density lipoproteins transport Liglyc- 


erides and cholesterol in the blood. Hepat 


lipase assists in the receptor-mediated uptake of these lipopro- 


teins into the liver. Triglycerides are hydrolyzed, releasing free fatty acids. Remaining very-low-density 
lipoproteins can be converted into low-density lipoproteins that accumulate in arteries and initiate athero- 
sclerosis. T cells expressing LIGHT inhibit hepatic lipase expression in hepatocytes, which causes increased 
plasma tipoprotein concentrations, and may contribute to atherosclerosis. 


OXOL, are involved in atherosclerosis, and 
seem to propagate plague inflammation (7.8). 

In contrast to tumor necrosis factor, LIGHT 
is mainly expressed on the surface of T cells 
and specialized cells of the immune syste 
called dendritic cells (9). Lo er al. observed 
that transgenic mice engineered to werexpress 
LIGHT on T cells developed hyperlipidemia, 
displaying elevated cholesterol and triglye~ 
ride concentrations in the blood. When T cells 
from such mice were transferred into normal 
mice, plasma cholesterol concentration in- 
creased substantially. LIGHT (and Iympho- 
toxin) bind to the lymphotoxin B receptor but 
also to other receptors. By treating mice with 
soluble forms of the receptor, to function as 
.” the authors establish that the hype 
lipidemic effect of LIGHT depends on the 
lymphotoxin B receptor 

At first glance, itis remarkable that a cell 
surface molecule expressed by T cells has 
such dramatic effects on plasma lipids and 
lipoproteins. However, other links between 
cellular immunity and lipid homeostasis have 
been uncovered. In atherosclerosis, T cells 
of theT helper I subtype are activated by lipo- 
proteins trapped in plaques on artery walls, 
thus promoting inflammation (10). Natural killer 
T cells, a subset of T cells, recognize lipids 
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that are displayed in a complex with CDI 
molecules on the surface of antigen-present- 
ing cells (//), These T cells accelerate athero~ 
sclerosis (/2) and are enriched in the liver, In 
the Lo el. study, treatment with soluble lym 
photoxin B receptor did not affect plasma cho- 
Jesterol concentration in mice lacking fune= 
tional natural killer T cells. This subset of T 
cells may conceivably regulate lipid home 
is by delivering LIGHT to the liver (see 
the figure), 

The molecular mechanism by which the 
lymphotoxin receptor causes hyperlipi- 
demia was explored by gene-expression 
arrays. Lo et al. found a dramatic, 20-fold 
decrease in messenger RNA that encodes the 
enzyme hepatic lipase in the liver of trans- 
genic mice that overexpress LIGHT on T 
cells. Hepatic lipase activity was also reduced 


Ost 


in such mice, but not in transgenic mice that 
overexpress LIGHT but lack the lymphotoxin 
B receptor. When normal hepatocytes were 
exposed to recombinant LIGHT or to T cells 
overexpressing LIGHT, hepatic lipase expres 
sion dropped substantially 

Hepatic lipase is expressed on the surface of 
hepatocytes in the liver. It promotes the revep- 
tor-mediated uptake of plasma lipoproteins that 
harbor triglycerides and cholesterol and specif 
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ically catalyzes hydrolysis of the triglycerides 
(3) (see the figure). Both these actions likely 
contribute to the reduction in the amounts of 
plasma lipids and lipoproteins observed when 
LIGHT signaling is blocked by treatment with 
soluble lymphotoxin B receptor. 

The functional role of T cell-dependent 
control of lipid homeostasis through hepatic 
lipase is unclear. Perhaps inhibition of lipoly- 
sis reduces the amount of energy-tich com 
pounds available to pathogens and/or redis- 
tribute 


fections in mice lacking 
T-lymphotoxin B receptor-hepatic 
lipase axis may provide interesting answers 0 
these questions. 

Lo ct al. suggest the exciting prospect 
that increasing hepatic lipase expression 


with agents that modulate LIGHT signaling 
may represent a new therapy for treating of 
dyslipidemia. It is even possible that inhi- 
bition of signaling by the lymphotoxin B 
receptor could dampen atherosclerosis 
by improving lipid metabolism as well as 
by reducing vascular inflammation. In 
humans, low hepatic lipase activity is asso 
iated with increased risk for atheroscle- 
rotic heart disease (/4). However, pr 
atherogenic as well as antiatherogenic 
effects of hepatic lipase have been observed, 
both in humans and in experimental animal 
models, and its biology is not yet fully 
understood (/3). Further studies on the 
metabolic and cardiovascular actions of 
lymphotoxin, LIGHT, and related family 
members are awaited with great interest. 
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CHEMISTRY 


Femtosecond Lasers for Molecular 


Measurements 


Robert P. Lucht 


hemists and biomedical researchers 
( are now using ferntasecond lasers to 
detect and measure molecules in an 
increasing number of experiments (/-4). This 
is driven by the commercial availability of 
reliable laser systems with pulse lengths on 
the order of 100 fs, fast repetition rates, and 
high energy in each pulse. Taking advantage 
of methods for producing a wide range of 
photon wavelengths, researchers can now 
expand their use of sophisticated spectro- 
scopic detection techniques. On page 265 of 
this issue, Pestov er al. (5) report the det 
tion of Bacillus subtilis spores (a surrogate for 
anthrax), In doing so, the authors have not 
only targeted a substance of vital interest but 
have advanced the wider use of femtosecond 
spectroscopy for rapid and selective detection, 
One of the most powerful techniques for 
molecular detection is coherent anti-Stokes 
Raman spectroseopy (CARS). In this method. 
depicted schematically in the » wo laser 
pulses (historically called the pump and 
Stokes pulses) create a coherent excitation of 
molecules (called the Raman coherence) in 
the sample at time fy. third probe pulse inter= 
acts with this coherent state at time f,.creating 
a signal (the anti-Stokes pulse) that can be 
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used to map out the molecular resonances that 
identify a particular chemical species 
Spectroscopists have used CARS with 
nanosecond lasers for decades (6). Typically, 
the technique relies on pulsed lasers with rep- 
etition rates of 10 Hz, Femtosecond laser sys- 
tems offer the potential for drastic improve- 
‘ments in the capabilities of CARS diagnostic 
systems. Data acqusition rates of 1 kHz or 
greater can be achieved. provided thata CARS 
signal can be acquired with every laser pulse. 
Femtosecond laser systems also offer the 
potential to minimize the nonresonant bac! 


4 4 


‘Acoherent picture. (Left) Creation of the Raman 
‘coherence at time f, and scattering of the probe 
beam to generate the CARS signal at f, (Right) 
Schematic illustration of the pump-Stokes fre- 


Ultrafast spectroscopic techniques are finding 
‘new applications in molecular detection, 


‘ground and eliminate the effects of molecular 
collisions on CARS signal generation, 


Pestov eral. describe a hybrid CARS tech- 


nique in which a 30-fs pump and Stokes 


pulses are used to induce a Raman coher 


ina tanget molecule. A “shaped” probe pulse 
is used that has a much narrower band- 
‘width and, consequently, a much longer pulse 
length. As discussed by Pestov er al., the 
Fourier-transform-limited pump and Stokes 


pulses (that is, minimum du 


jon for their 


spectral bandwidth) are optimal for excitation 


of the 


an cohere 


In terms of probing 


Pump beam 
675 1, 200 cov 


£800 nm, 200 cm" 


‘Optical frequency 


‘quency pairs that contribute to the excitation of the Raman coherence for Q-branch transitions in the 2330 


ccm vibrational band of N, 
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the coherence, however, there are numerous 
tradeoffs in choosing the spectrum, temporal 
shape, and time delay of the probe pulse to 
‘maximize the resonant CARS signal and min- 
imize the contribution of the unwanted back- 
s2roundd to the signal. Pestov et al. find that the 
frequency spectrum of the CARS signal asa 
function of probe time delay 1, ~ fy contains 
information vital for selective detection of the 
molecule of interest, 

The excitation of Raman coherences using 
femtosecond pump and Stokes pulses is sur- 
izly efficient, provided thatthe pulses are 
Fouriertransform-limited. The frequency 
linewidths of Q-brinch tninsitions (where the 
change in rotational quantum number AI = 0) 
inthe fundamental vibrational Raman bare! of 
N, near room temperature and pressure are 
approximately 0.1 ena factor of more than 
1000 smaller than the 150 em“ frequency 
widths of the 100-f pump and Stokes beams, 
Despite this drastic difference in frequency 
‘widths, there are numerous pump-Stokes 
frequency pairs underneath the frequency 
envelopes of the pump and Stokes beams that 
are separated by the transition frequency of 
0 emt (see the figure). Ifthe pump and 
Stokes beams are Fourier-transform-limited, 
then these frequency pairs will all contribute 
tothe excitation of Raman coherence with the 
ssame phase thus amplifying the signal, Our 
sleulations (7) show that for pump and 
Stokes irradiance levels of S % 10!” Wim, the 
Raman coherence is within a factor of two of 
its maximum possible value (8). 

Once the Raman coherence is excited by 


the pump and Stokes beams, the probe beam 
generates a signal with the desired informa- 
tion. The probe beam can be delayed relative 
to the pump beams in a controlled manner to 
‘monitor the temporal evolution of the CARS 
signal. This technique has been used to mea- 
sure, for example, spectroscopic parameters 
and line-broadening coefficients for nitrogen 
and other molecules (9) and gas temperatures 
from the frequency-spread dephasing of the 
macroscopic Raman coherence (0), 

However, the same information can be 
obtained by chirping the probe pulse (//) and 
spectrally resolving the resulting CARS sig- 
nal (12): in this case, the temporal decay infor- 
mation is encoded in the spectrum of the 
CARS signal. Knutsen er af, (2) used a 
chirped probe pulse to obtain high spectral 
resolution in the CARS spectra of organic liq- 
uid molecules. Pestov etal. usea shaped probe 
pulse to discriminate against the nonresonant 
four-wave mixing interference, and spectrally 
resolved the CARS signal for different probe 
delays to take advantage of both the temporal 
and spectral charactensstics of the femtosec- 
ond CARS signal 

The impressive work of Pestov et al. ilus- 
trates the continued rapid development of fem 
tosecondl CARS techniques. But femtosecond 
laser systemsare by no means limited to coher- 
cent Raman processes. A diagram similar to 
also be drawn for two-photon 
ces stich as the 1S-2P 
transition in atomic hydrogen, which is of fun- 
damental interest in atomic physics. Femto- 
second lasers are also widely used for two- 


photon-excited fluorescence microscopy (/3). 
Meshulach and Silberberg (/4) used a pulse 
shaper to demonstrate quantum control of two- 
photon transitions in cesium, Unlike two-pho- 
ton absorption experiments with nanosecond 
laser systems, entire vibrational bands of mote- 
cules will be excited when femnosecond-laser 
systems are used. As with femtosecond CARS, 
the challenge for researchers will be to take 
advantage of the characteristics of femtosecond 
laser radiation to develop new methods for 
probing these two-photon excited states, 
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IMMUNOLOGY 


The Sources of a Lipid Conundrum 


Jerold Chun 


rom diet to waistline, our cultural pre 
Fisntee \ith avoiding fats obscures 

the fundamental importance of these 
and related molecules in our lives. Even rare 
forms of fat have important physiological 
consequences. A notable example is the 
Iysophospholipids, low-abundance and struc- 
turally simple fat molecules derived from cell 
membranes. Over the last decade, mechanis- 
tic understanding of how these lipids are 
bioactive has revealed their expansive in vivo 
biology (/). On page 295 in this issue, Pappu 
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cet al. (2) further develop the story of an 
immunomodulatory lysophospholipid called 
sphingosine I-phosphate (SIP). By investi- 
gating the sources of this lipid, a clearer pic- 
ture of its effects on lymphocyte behavior 
‘emerges that may contribute to the develop- 
ment of better immunosuppressive drugs. 
The cornerstone for understanding the bio- 
logical effects of lysophospholipids was dis- 
‘covering that their actions are mediated by celle 
surface receptors (3, 4). This indicated that 
Iysophospbolipids were not lytic (as the prefix 
“lyso” originally implied). nor were they deter- 
‘gents or constituents of passive membranes, as 
had been widely assumed based on their sruc- 
ture. Rather, these lipids appeared more like 


Distinct sources of a bioactive lipid are needed 
for lymphocytes to enter the circulation, 
Therapeutic strategies need to take into account 
the existence of more than one lipid reservoir. 


“keys” that open (activate) receptor “locks.” A, 
combination of molecular biology and genet 
ies, on one hand, with lipid biochemistry and 
pharmacology. on the other, has identified what 
snow a mammatian family of five S1P and 
five lysophosphatidie acid (a related lipid) 
receptors that belong to the well-characterized 
G protein-coupled receptor superfamily. 
Paramount to understanding the in vivo 
functions of these lipid signals has been the 
use of “knockout” mice genetically engi- 
neered to lack one or more lipid receptors. 
This approach has proved receptor identity 
and revealed essential in vivo roles broadly 
affecting physiology. including the nervou 
reproductive, cardiovascular, and immune 
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systems, Without cloned receptorsand knock- 
‘out mice, lysophospholipid biology would 
likety still be mechanistically ambiguous, just 
o when the first receptors 


asitwasa 
were identified (4) 

Pappu ef al. have extended this molecular 
‘genetic approach to study sphingosine kinase- 
1 and -2, the enzymes that produce SIP (5). 
Although SIP is predominantly synthesized 
within cells, it can be released to act as an 
extracellular signaling molecule. The authors 
found that genetic removal of both enzymes 
from hematopoietic, endothelial (vascular and 
lymphatic), and liver cells in a mouse effec- 
tively eliminated S1P circulating in the bloox! 
(plasma) and lymph, The resulting physiolog- 
al consequences, including compensatory 


ap 1000 cL 


Endothelium?) 


(accompanied by embryonic lethality), thus 
demonstrating an essential role for these 
enzymes in normal S1P production (7) It also 
raised the possibility of removing the kinases, 
(and therefore S1P) at a desired age and 
in specific cell types through genetic ap- 
proaches. By using a special kind of targeted 
‘mutation, whereby expression of both sphin- 
gosine kinases could be conditionally pre- 
vented in hematopoietic cells and vascularand 
lymphatic endothelial cells, Pappu et al. iden- 
tified red blood cells as a major sink for S1P. 
This was further strengthened in mice lacking 
‘other blood components (platelets or B and 
T lymphocytes). These animals retained nor- 
mal blood concentrations of SIP, consistent 
\ith different approaches (8) that also Mlentified 


Egress into fymph 


Distinct sources. Sphingosine 1-phosphate (S1P) that is produced in distinct locations acts on receptors 
(51) expressed on lymphocytes harbored in different organs and tissues. This controls lymphocyte move- 


‘ment into the circulation (blood or lympho. 


up-regulation of Iymphoeyte SIP receptor 
‘expression and a major reduction in lympho- 
eyte (T cell, and to a lesser extent, B cell) 
number in blood and lymph, could be under- 
stood based on knowledge of SIP receptor 
signaling mechanisms in the immune system. 
In other words. by removing the cell's key- 
making machinery (sphingosine kinases), the 
sys are lost andl locks stay shut, as expected. 
This is an important result because it elimi- 
hates nonreceptor mechanisms of SIP action 
in accounting fora well-characterized aspect 
of in vivo biology—the control of circulating 
lymphocyte numbers. 

During lymphocyte egress, lymphocytes 
leave their immunological “motels” (lymph 
nodes, spleen, and thymus) to circulate in the 
blood and lymph. Previous work demonstrated 
that an SIP receptor subtype (designated 

if SIP,) is required for this egress because its 
‘genetic removal prevents this movement (6). 
Much less clear hasbeen the source of SIP that 
2 allows this egress. Previous studies in mice in 
& which both sphingosine kinases were deleted 
8 in all cells showed a profound loss of SIP 
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red blood cells asa source of SIP rather than 
platelets and thrombocytes, long thought to be 

wijor SIP sourees. The Pappuct a. study also 
refines the contributions of whole-blood com- 
ponents to concentrations of other lysophos- 
pholipidts (4). 

Pappu et a/. further demonstrate that 
blood-derived SIP supports the migration of 
lymphocytes from some locales (spleen 
and thymus) but not others (lymph nodes). 
Through clever reconstitution experiments in 
mice that involved irradiating the animals and 
replacing their bone marrow (the source of 
hematopoietic cells), they determined that 
SIP in the lymph node is from a radiation- 
insensitive cell source (possibly lymphatic 
endothelium) that is not in blood. Moreover, 
this nonblood source also supports tympho- 
cyte migration from the spleen and thymus 
as well (see the figure). Thus, two distinct 
sources of SIP—red blood cells and intrinsic 
radiation-resistant cells present in the lympho- 
eyte “motels”—are needed for normal lym- 
phocyte egress. 

Pappu et al. address another controversy 
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relating to how loss of the receptor SIP, pre- 
vents lymphocyte egress. One model, based 
predominantly on genetic approaches, pro- 
posesa direct effect of SIP on SIP, expressed 
on lymphocytes (6), However, another model, 
based on the use of chemical compounds, 
assigns a key role to SIP, on blood vessels 
(endothelial cells) where the receptors are pro- 
posed to act ts “gatekeepers” for lymphocyte 
egress (9). The methodological details of stud- 
ies supporting each model do not allow a clear 
resolution of discrepancies. However, 10 fi 
tors support the first model. First, most if not 
all data derived fiom genetic mutants of SIP 
signaling are in concert with the lymphocyte 
SIP, model. Pappu et al. provide further sup- 
port through reconstitution experiments in 
mice in which SIP, expression is removed 
from lymphocytes while maintained on the 
endothelium. This disrupts egress, and indi- 
cates that, at the very least, SIP, on lympho- 
eytes matters. Second, a “home- 
proach to finding specific chemi 
‘pouinds that activate (agonists) or block (antag 
‘onists) SIP receptors is promising, but at a 
‘comparatively preliminary stage compared to 
highly modified and carefully tested 
pounds that might someday become a medi- 
cine (/0), Just as proven medicines ean have 
unintended side-effects, so too can preliminary 
‘compounds produce results that may be u 
pected or at odds with other methodologies, 
The therapeutic future of these and other 
lipid signaling molecules is bright, yet as with 
many new approaches, unknowns persist, The 
finding of lange reservoirs of SIP in red blood 
cells presents challenges to strategies proposed 
for altering blood S1P concentrations as possi- 
ble therapies [for example, by intravenous, 
delivery of antibodies against $1P into blood 
(1). Additionally, based on the dual-source 
data of Pappu eral. altering blood concentra- 
tions of SIP may leave local sources of S1P 
untouched. Other unknowns it 
unidentified S1P receptors, intera 
‘other molecular pathways, clear identification 
of signaling versus structural lipid pools, and 
relationships to other lipid pathways, as have 
‘been observed for prostaglandins (/2),A more 
advanced therapeutic strategy that has entered 
human trials is the nonselective SIP receptor 
agonist known as FTY720 or fingolimod, 
which is being assessed as an immunosuppres 
sive agent for organ transplantation and mul 
ple sclerosis(13-/5), Atleast par of the mech- 
anism through which this experimental drug, 
‘works, benefiting further from the work of 
Pappu et al.. is basically conserved between 
mouse and humans, by virtue of the central 
role played by SIP receptors. It can be 
‘expected that the coming years will bring new 
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‘mechanistic and therapeutic insights as these 
keys open more locks. 
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CHEMISTRY 


Putting Order into Polymer 


Networks 


Poter M. Budd 


‘ieroporous materials contain pores 
or channels with diameters of less 
than 2 nm—only alittle bigger than 


‘many molecules. These pores or channels may 
be used as filters that allow some spec 
through but not others, as containers to isolate 
or store specific molecules, or as tiny chemi- 
cal reactors, Chemists have found waysto pre= 
a wide variety of porous materials, but it 
ficult to form organic polymer 
networks with perfectly controlled pore 
until now. On page 268 of this 
issue, Yaghi and co-workers report the gener 
tion of highly porous, onganic, three-dimen- 
sional crystalline covalent networks (see the 
figure) (/), 

Inorganic microporous materials, such as 
zeolites, usually have well-defined network 


The author Isat the Organic Materials Innovation Cente, 
Schoo! of Chemisty, University of Manchester, Manchester 
(M13 9P, UK. Email: pter.budd@manchesterac uk 


structures made up of silicon and aluminum 
atoms linked via exygen atoms, Windows and 
cages within the zeolite framework allow 
nall molecules to access high internal sur- 
face areas, Some types of zeolite are found 
naturally, but many more have been synthe- 
sized in the laboratory. In recent years, many 
researchers have tried to create organi 
analogs of zeolites, Organic components, 
although inevitably limited in the temper 
tures they can withstand, allow much greater 
control over the chemical nature of the acce 
sible surface. For example, groups may be 
incorporated that recognize specific mol 
cules or catalyze particular reactions. Further- 
‘more, materials based only on light elements 
are advantageous in applications where mass 
must be kept toa minimum, such as for toring 
hhydrogen onboard vehicles 

There is some truth in the saying that nature 
abhors a vacuum. Thermodynamics works 
against the formation of tiny spac 


Organic, three-dimensional microporous 
structures have been synthesized. Such 
“organic zeolites” are light and chemically 
versatile, offering a range of possible 
applications. 


surfaces that surround them. Zeolites are usu- 
ally metastable structures and, given appropri 

ate conditions, they will ransform to more sta- 
ble, denser phases. During the preparation of 
porouismaterials the spaces are filled with sol- 
vent or other small molecules, All 100 often, 
4 promising-looking structure disintegrates 
when the molecules propping up the pores are 
removed, Many new “porous” materials have 
‘been reported, but the porosity is often not per= 
‘manent in the sense of the material remaining 
intact on evacuation of the pores. 

An imporant step toward organic zeolites 
‘was achieved with the development of materi- 
als in which rigid organic components are 
linked by noncovalent interactions, such as 
‘metal-ligand orhydrogen bonds. In particular, 
crystalline metal-organic frameworks have 
been produced that exhibit impressive levels 
of gas uptake (2,3) 

Crystallinity is not necessary for micto- 
porosity. Indeed, amorphous porous mi 


Membrane-forming 
microporous polymer 


Network-orming 
‘microporous polymer 


Two-dimensional covalent 
‘organic framework 


Three-dimensional covalent 
organic framework 


From disorder to three-dimensional order. Porous polymers can display different degrees of order. From lft to right. this figure shows a soluble, membrane-form- 
ing microporous polymer (6), 3 network-torming microporous polymer that exhibits high gas uptake (8), a two-dimensional covalent organic framework (9), and one 
ofthe three-dimensional covalent organic frameworks described by Yaghi and co-workers in this issue. 
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als, such as activated carbons, are widely used 
in industry. In recent years, microporous 
organic polymers have been created that are 
chemically well defined, even though they are 
disordered and therefore possess a distribu- 
tion of pore sizes. 

One approach to microporous polymers 
involves tying polymer chains together with 
a large number of rigid bridges, to give 
“hyper-erosslinked” polymers (4, 5). Another 
“approach starts with the design of the polymer 
backbone. By connecting rigid ladder-like 
mponents with units that force the back- 
bone to twist or turn, itis possible to construct 
polymers that cannot pack together and fill 
space efficiently in the solid state. A variety of 
these “polymers of intrinsic microporosity” 
(PIMs) have been developed (6-8) (see 
the figure), Some are soluble and can be 
processed into useful forms such as mem 


branes, whereas others are three-dimensional 
networks. They are commonly prepared by 
far 
matic rings together with a pair of oxygen 
bridges. This approach has the potential to 


making use wetion that joins two aro- 


generate polymers that are ordered in two or 
three dimensions, but in practice, amorphous 
materials are ly obtained, 

st that to form a 
crystalline polymer network, the polymeriz:t- 
jon must be reversible, so that it 
‘occurs under thermodynamic control. Yaghi’s 
group set out to generate ordered polymer net- 
works by maki 


se of reversible condens: 
acids. Using this 
+h, they first produced two-limen- 


in enormous variety of products, 
Intheir latest work (/), Yaghi’s group drew on 
their experience of porous frameworks to 
select the most realistic targets and used a 


‘computer model to help predict the structures 
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that were likely to form. This helped them to 
design the synthesis and identify the products. 

The results open a new chapter in the story 
of porous organic materials. It is likely that 
routes will now be found to a host of novel 
crystalline covalent networks. Their high 
porosity and controllable pore size, coupled 
with the versatility of organic synthesis, 
promises that this will be a rich and fruitful 
area of research, 
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PLANETARY SCIENCE 


As Tiny Worlds Turn 


David P. Rubincam and Stephen J, Paddack 


untight changes the rotation rate ofan 
asteroid’? The idea seems absurd, but on 
page 272 Lowry et al. (1) and on page 


274 Taylor et al. (2) report observations that 
indicate sunlight is doing just that to the small 
asteroid 2000 PHS, and Kaasalainen eral. indi- 
cate the same is happening on 1862 Apollo (3), 
‘The mechanism is the Yarkovsky-O' Kee 
Radzievskii-Paddlick effect, mercifully short- 
ened to YORP. With YORP now on solid foun- 
dation, we may be able to understand 2 numbei 
of strange observations involving small spin- 
ning asteroids and asteroid binary systems 
The saga of sunlight changing into spin 
began with Ivan Yarkovsky, a Polish engineer 
\who realized more than a century ago that the 
infrared radiation escaping a body warmed by 
sunlight carries off momentum as well as heat 
(4), Point this heat in the right direction, andl it 
Will function like a rocket motor: Each infrared 
photon escaping the object carries away 
momentum, thanks to the rekstionship p = Ec, 
Where p is the photon’s momentum, E is its 
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Spinning in the Sun. Sunlight speeds up rotation due to 
‘ellection off the vertical and slated faces of the wedges 
(blue arrows). Infrared radiation emitted by the faces also 


‘Causes speed-up. If the body spins in the opposite ser 
then YORP will slow it down, 


and c is the speed of light. By the prit 
ciple of action-reaction, the object emitting the 
photon gets a kick in the opposite direction. 
(Yarkovsky knew nothing of photons and based 
his reasoning on the outmoded ether concept. 
but his idea survives the translation to modern 
physics.) Yarkovsky thrust is tiny, but space is 
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Rotational force produced by suntight may 
help explain the movement of small asteroids, 
uunusual asteroid orbits, and asteroid pairs, 


so empty there is no friction to stop it 
Moreover, because the Sun isalways shin= 
ing, the Varkovsky effect woes on century 
afier century with an inexhaustible supply 
‘of photonic fuel, profoundly altering the 
orbits of meter-sized meteoroids (5). 

V.V. Radzievskii applied the photon 
thrust idea to rotation by imagining each 
face of a cubical meteoroid painted white 
‘on one half and black on the other; sun- 
cd by the white part pushes 
an the black half, caus~ 
ing a torque, which changes the rotation 


light reflec 
that area mor 


rate (6). His mechanism is weak because 
the black half, although it reflects little, 
makes up much of the difference by emit- 
s infrared photons. Moreover, most 
e, small solar system objects have fairly 


light reflected) across their surf 

Building on this work, John A. 
(O'Keefe and one of us (S.LP) at NASA real- 
ized that shape was a much more effective 
‘means of altering body’ spin rate than albedo 
and set about measuring spin chan; 
laboratory. The idea was that light reflecting off 
of various angled surfaces on the object could 
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uniform albedoes (that is, the fraction of 
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alter its rotation. Thus YORP was born. 
O'Keefe and Paddack imagined a body 
shaped rather like that shown in the figure: two 
‘wedges glued toa sphere. Asthe object rotates, 
the Sun shines on the vertical face of one 
wedge and the stanted face of the other. The 
‘momentum imparted in the direction of rota- 
tion by a photon bouncing off the vertical face 
is greater than that imparted by bouncing off 
the slanted face. As a result, there is a net 
torque, speeding up the object's rotation (7, 8). 
In addition, infrared radiation emitted by the 
faces also produces a torque, and infrared 
YORP probably dominates on small solar sys~ 
tem bodies, which tend to be dark. To test this 
notion, Paddaek actually used light (which 
simulated the Sun) to speed up objects that 
‘Were magnetically suspended in a vacuum. 
Paddack and Rhee applied the YORP 
effect as the cause of rotational bursting and 
eventual elimination from the solar system of 
small asymmetric particles, This may explain 
the puzzling deficiency in the numbers of 
small meteoroids (9). 
O'Keefe's interest in the VORP effect came 
from a desire to show that tektites, mysterious 
lassy lumps found strewn across various 
regions of Earth, come from the Earth-Moon 
system (/0); farther away, and they spend so 
long in space that they are spun up to bursting 
by centrifugal forees via YORP. O'Keefe 
believed tektites were belched out of lunar vol- 
canoes. Although he was probably wrong 


about that—they are most likely created on 
Earth by giant impacts—and as yet there have 
been no observations of small celestial bodies 
being spun up to the bursting point, the YORP- 
effect does have profound consequences for 
the spins of much bigger objects: asteroids. An 
object must have a certain sort of lopsidedness 
for YORP to work, and small asteroids, with 
their surfaces chiseled by impacts, offen have 
the necessary asymmetry. 

A 10-kmasteroid might double its rotation 
rate in a few hundred million years, or have it 
cut drastically; the asteroid could even end up 
spinning in the opposite direction (11). 
Because the VORP time scale is proportional 
to R®, where R isthe radius, the spin rate of the 
asteroid PHS with $7-m radius, already fast 
with its 12-min period, will double in just 
£600,000 years. Such rapid time scales argue 
for YORP being competitive or dominant 
compared with collisions for changing spin. 

In addition to speeding up or slowing down 
rotation, YORP can alter the axial tlt and pre- 
cession rate (the rate at which the axis moves) 
of asteroids (5, /2), so that the entire suite of 
YORP phenonemacan send asteroids into inter- 
esting resonant spin states. Moreover, because 
the strength of Yarkovsky’s original effect 
depends on spin speed and tlt, there shoul! be 
feedback between orbit and spin evolution, 

Most small asteroids are commonly be- 
lieved to be rubble piles, so that they can 
change shape or even fission into two smaller 


piles asa result of YORP spin-up, helping ex- 
plain the existence of binary asteroids. And if 
the body shown in the figure fissions into two 
‘wedge-ike objects, for example, YORP might 
continue, so that the binary system orbitally 
evolves (/3). As for further research, is YORP- 
responsible for the Koronis family asteroids 
having roughly the same spin rate and spin axis 
orientation (/4), or is some other mec! 
‘work? How precisely does an asteroid change 
shape or fission as it speeds up? Do asteroids 
slowed to tumbling ever speed up again? These 
«questions await the future. 
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ECOLOGY 


A Positive Feedback 
with Negative Consequences 


Manuel Lerdau 


emissions from vascular plants play an 
important role in atmospheric chemistry 
(J-3), Recent advances (4, 5) suggest that these 
emissions—in conjunction with fossil fuel 
combustion and fertilizer application—may 
create a positive feedback loop. in which 
species-specific metabolism causes changes in 
tropospheric chemistry that in turn affect bio 
logical diversity and ecosystem metabolism. 
About 1% of the carbon captured during 
photosynthesis by terrestrial ecosystems is 


I: has long been recognized that isoprene 
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returned to the atmosphere as isoprene (6). 
‘Once in the atmosphere, isoprene can either 
ameliorate or aggravate ozone pollution, de- 
pending on the tropospheric concentrations of 
reactive nitrogen axides. When nitrogen oxide 
‘concentrations (7) are high, isoprene oxidation 
leads to the net production of ozone, whereas 
isoprene oxidation at lower nitrogen aide con- 
centrations leads to the consumption of zone 
(8). High nitrogen oxide concentrations occur 
in air masses that receive substantial inputs 
from fossil fel combustion or fenilizer use. 
Anthropogenic changes in air chemistry thus 
alter the atmospheric impact of isoprene. 
Isoprene is produced as the first end-prodhict 
of the methylerythritol phosphate (MEP) path- 
\way, which is responsible forall plastid-derived 


The ability to emit isoprene protects some 
plants from ozone damage, which may affect 
their future abundance. 


isoprenoids in plants (9). Upon synthesis, iso- 
prene diffuses through the chloroplast men 
brane to the eytoplasm, through the cell mem 
brane to the intercellular air space, and out 
through stomata (the pores in leaves through 
which water exits and carbon dioxide enters). 
Unlike many other onganic volatile compounds 
produced by plants, isoprene is not stored in 
specialized structures in the plant (/0). 

‘We now understand much of the biochem 
istry of production and the physics of 
Yet two crucial questions remai 
plants make isoprene? And why do only some 
plants make isopren; 
and co-workers attempts to answer these que: 
tions (4, 5). Ina series of experiments, they 
exposed leaves to high, but environmentally 
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realistic, levels of ozone and also 
blocked the MEP pathway, there- 
bby restricting isoprene production. 
The results show that the damag- 
ing effects of ozone are amelio- 
rated by isoprene 

The impact of isoprene on the 
abilities of plants to tolerate 
oxidative stress is related to the 
impacts of isoprene on atmo- 
spheric oxidant dynamics, Only 
~15% of vascular plant species 
produce isoprene, and most eco- 
systems consist of both produ 
and nonproducers, In the north- 
eastern United States, about one- 
third of tree species produce 
isoprene: those tropical systems 
studied have a similar proportion 
of emitting species (8), Even 
low-diversity ecosystems such as 
boreal forests contain a mixture 
‘of emitting (spruce and aspen) 
‘and nonemitting (pine) speci 
This heterogeneity ereates the 
possibility for species-specific 
feedbacks between plantsand the 
atmosphere. 

When plants emit isoprene 
into air with high nitrogen oxide 
ncentrations, these emissions 
‘can raise ozone levels, thus in- 
ereasing the likelihood of oxi- 
dative stress damage. However, 


isoprene-emitting species will tend 
to be better protected against this 
damage than those that do not produce iso- 
prene. Those plants that emit isoprene will in 
effect, 


inge the atmospheric composition in 
that causes more damage to nonemitters 
than to emitters (see the figure), Over time, 
isoprene-producing taxa may become more 
abundant because of their greater resistance 10 
‘ozone damage. 

This feedback could lead to striking 
changes in forest ecosystems, For example, in 
temperate deciduous forests, it provides a 
mechanism to favor oaks over other trees such 
as maples, birches, or hickories, In tropical 
systems, palms and figs will benefit over 
‘other groups such as Cecropia and mahogany 
that do not emit isoprene (11,1. 

In recent decades, understanding of the 
connections between the biosphere and the 
“atmosphere has grown. The influence of bio- 
spheric activities on the atmosphere has been 
seen on global toregional scales. For example, 
the variation in atmospheric CO, concentra- 
tion throughout the year is a result of seasonal 
changes in respiration and photosynthesis. 
and in many ecosystems humidity and rainfall 
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The value of isoprene protection. interactions between isoprene 
from an tsoprene-emitting species, such as oak, and nitric oxide lead 
to higher ozone concentrations. This ozone damages species that do 
‘not emit isoprene, such as maple, whereas oak trees are protected 
{top As a result, oak abundance increases, ecasystem-scale isoprene 
‘production increases, and ozone concentrations increase, further 
favoring emiting over nonemitting species (bottom). 


depend on transpiration from plants. Carbon 
dioxide concentrations, humidity, and precip 
itation in turn affect ecosystem metabolism. 
Toalange extent, however, these feedbacks 
are not species-specific. Plants of different 
‘growth forms, such as trees and grasses, may 
have different properties, but the metabolisms 
of different species within a growth form 
rarely differ enough for such biosphere- 
atmosphere feedbacks to be important in 
large-scale models (3). In contrast the iso- 
prene-atmosphere feedback postulated above 
‘operates atthe level of species interactions. 
The protection from oxidative stress 
offered by isoprene emission raises the ques 
tion of why only some plants produce iso- 
prene. Recent molecular phylogenetic work 
supports the supposition that, at least for flow- 
ering plants, isoprene synthase evolved several 
times independently (/4). Plants that produce 
isoprene tend to tolerate oxidizing conditions 
better than those that donot. but the production 
and emission carry a cost in terms of energy 
and carbon spent and in terms of nitrogen allo- 
cated tothe enzyme systems (J). The evolution 
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of isoprene production, of lack thereof, may 
reflect a balance of the benefits over evolution- 
ary time and the costs such production entails 

It seems unlikely that ozone stress was a 
major selective force over evolutionary time, 
‘because tropospheric nitrogen owide and azone 
concentrations have only become high enough 
todamage plants since the advent of the internal 
‘combustion engine, Isoprene production may 
have evolved for an entirely different reason: It 
protects plants against damage from short-term 
high temperatures (/5), The current increase in 
selective forces favoring isoprene producers 
that is, the rise in tropospheric nitrogen oxide 
‘concentrations over recent decades (/6)—pro- 
vides an opportunity for isoprene’s exaptive 
(7) value to become important at the seale of 
‘communities and ecosystems, 

Tropospheric nitrogen oxide concentra- 
tions are rising (/6) during a time of great 
in Vegetation cover, as forest hands are 
sare, farmed, abandoned, and then reve} 
tated, Feedback loops such as the one poste 
lated above may push patterns of plant diver- 
sity along certain trajectories, and such trajec 
tories may in tum alter the atmosphere, Over 
time, isoprene-producing species may come 
to dominate in areas with high nitrogen oxide 
concentrations. This dominance of isoprene- 
producing species will decrease plant diver= 
and have cascading effeets on higher 
trophic levels. As more and more regions 
become influenced by human activities, the 
number of communities that suffer in this 
feedback loop will increase. 
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RETROSPECTIVE 


Frank Albert Cotton (1930-2007) 


Tobin J. Marks 


n 20 February 2007, the field of 

wished scholars when Frank Albert 
Cotton passed away in College Station, 
Texas, at the age of 76. 

Cotton was a world-renowned researcher 
and educator, and one ofa small number of 
scientists credited with the renaissance of 
inonganic chemistry that began in the 1950s, 
His work led to a new appreciation for the 
diverse structural, bonding, and reactivity 
properties of transition-metal complexes. As 
a scholar, collaborator, and mentor, he pro- 
foundly influenced the lives of many, 

Al Cotton, as he was generally known, 
was born in Philadelphia on 9 April 1930 
and attended local public schools before 
undergraduate study at Drexel Institute of 
Technology and then Temple University, 
both in Philadelphia, During this time, his 
interest turned from chemical engineering to 
chemistry, and in 1951, he entered graduate 
sehool in chemistry at Harvard University 
Here, Cotton studied with the late Sir 
Geoffrey Wilkinson and was part of the 
research team that pioneered the synthesis 
and characterization of ferrocene and re- 
ted transition-metal organometallic com- 
plexes. The nonclassical nature of these 
complexes dramatically ed the land- 
scape of transition-metal chemistry 

‘After receiving his Ph.D. from Harvard, 
Cotton began his academic career at MET in 
eat age 31, he 
became the youngest MIT faculty member 
ever to be promoted to the rank of full pro- 
fessor, In his early years at MIT, Cotton pio- 
neered the application of diverse physico- 
chemical techniques to understanding struc 
in transition-metal com- 
plexes, explaining previously puzzling phys- 
ical and chemical phenomena, and discover- 
ing new ones. A particularly striking exam- 
ple, published in 1964 in Science. was his 
discovery and analysis of bonding in the 
first isolable molecule to have a meta 
metal quadruple bond (/). This advane 
tiated a long and highly productive program 
in his laboratory to study metal-metal bond- 
ing and the properties of metal-metal 
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bonded compounds, from small molecul 
to metal clusters to extended solids. This 
interplay among creative synthesis. inform- 
ative molecular structure, and unusual bond- 
ing properties was to continue throughout 
his career. 

Cotton also launched highly productive 

programs on metal complexes with high 
coordination numbers (in which the metal 
ion is surrounded by an unusually large 
number of bonded ligands) as well ason pro- 
tein x-ray crystallography. 
His work on organometallic 
‘compounds—which have 
bonds between metal and 
carbon atoms—Ied to fun- 
damental insights into 
bonding and reactivity. Par- 
ticularly noteworthy is his 
discovery and elucidation 
of the properties of “fux- 
ional” organometallic mol- 
ecules. in which one or 
more metal atoms rapidly 
migrate around the carbon 
atom framework of the 
surrounding ligands. The 
structures of such molecules can be exceed- 
ingly nonrigid. and low-energy barrier path- 
Ways exist to rapidly interconvert enengeti- 
cally degenerate molecular structures. Cot- 
ton elucidated many key aspects of the rates 
and mechanisms of fluxional processes. 
The results are relevant to many processes 
catalyzed by transition-metal ions. 

In 1971, Cotton moved to Texas A&M 
University as Robert A. Welch Professor of 
Chemistry and was named W. T. Doherty 
Welch Distinguished Professor of Chem- 

ry shortly thereafter. Here, his research 
focused on the synthesis and chemistry of 
compounds with multiple and/or sing! 
metal-metal bonds and other unusual types 
of structures. His work was recognized 
with numerous awards, medals, prize 
learned society membership: 
orary degrees. In 1998, he rec 
Joseph Priestley Medal, the highest award 
bestowed by the American Chemical Soc 
ety. Cotton was scientifically active until 
his death and published more than 1600 
articles in peer-reviewed journals, He 
served on numerous advisory panels and 
was a vociferous advocate of support for 


F.A. Cotton was an inorganic chemist who 
performed groundbreaking work on 
transition-metal complexes, 


cientific research. 

Cotton was also a brilliant scientific edu- 
ator. He authored or co-authored inorganic 
chemistry textbooks that set the standard in 
the field, were translated into as many as 
40 languages, and sold more than 300,000 
copies. These texts—including Advanced 
Inorganic Chemistry, Basic Ino 
istry, Chemical Applications of Group Theory 
and the high school text Chemist 
vestigative Approach—lucidly conv: 
ical principles. The same was 
true of Cotton's scientific 
lectures, which evidenced in- 
fectious enthusiasm, clever wit, 
and an impressive ability 
to comprehend and clearly 
explain complex chemical 
phenomena, 

Cotton was 
proud of his large family of 
academic progeny—gradu- 
ate students (more than 
100 Ph.D, recipients), post- 
doctoral fellows, and their 
own students —whose accom 
plishments span many disci 
plines and continents. As a one-on-one 
mentor, Cotton had the rare ability to instill 
in students scientific excitement as well as 
respect for rigorous scientific methodology, 
the necessity of hard, careful work, and 
the lifelong belief that discovery-oriented 
research is in every way fun. In 2006, 
ived the George Pimentel 
in Chemical Society's 
highest recognition for achievements in 
chemical education. 

In addition to being a dedicated scholar, 
Al Cotton was a man who savored life. He 
was an accomplished equestrian and master 
of the hunt, a serious gourmet, and a studious 
wine connoisseur. He loved good music, lit- 
‘erature, classical cinema, and travel to exotic 
places, and spoke several languay 
Cotton relished the art of conve 
is survived by his 


nmensely 


wife of 47 y 
daughters Jennifer and Jane. 
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INTRODUCTION 


A Barrel of 


THE RHESUS MACAQUE, MACACA MULATTA, HAS LONG BEEN USED AS AN 
important research tool in medicine, from the discovery of the Rh factor to 
modern-day trials of AIDS vaccines and investigations of neurological and 
behavioral disorders, Asan Old World monkey, itis one of our closest relatives 
‘outside of the great apes— chimpanzees, gorilla, and orangutans—making ithighly 
informative on many levels, Today, we unveil the genome of this magnificent 
Old World monkey and, in doing so, open ourselves to further investigation. 

Nonhuman primates have been critically important in developing medical 

vances that have saved human lives. The availability of this genome sequence 
\ill enable new and better experiments that will speed up the pace of research and 
reduce the number of animals needed for biomedical research in the long run. 
Analysisof the sequence is stimulating studies on population structure (Hernandez 
etal.,p. 240) that will help researchers interpret differences between experimental 
roups when they oecur and to investigate species-specific effects. Researchers 
have developed microarray chips of macaque-specific genes so that changes in 
zene expression in response to perturbations, such as viral infection or hormone 
treatment, can be followed sensitively through time (see the Newsarticle by Pennisi 
on p. 216). Differences and similarities in the expression of genes related to 
immune response between macaque and human are already apparent. 


Before the rhesus macaque sequencing effort, the human and chimpanzee 
genomes were available, but these tools could not be used to their fullest potential 
in studies of evolution, When we Look at humans and chimpanzees, we are gavzing 
through a very narrow window, because they diverged so recently in evolutionary 


history. The rhesus macaque, as our next closest relative, isan ideal outgroup for 
human/chimpanzee comparisons. We now can step back and examine the past 
25 million years of primate evolution, identifying genomic simi 
differences between each species. As shown by the Rhesus Macaque € 

wg and Analysis Consortium (p. 222) and discussed in a second News 

218), the addition of genomic informati 

resulting ina much clearer understanding of primate biology and eve 
the special section, we also present investigations broadening our understanding of 
the dynamic nature of primate chromosomes and examining the differences 
among primate 
elements, and evolutionarily new centromeres (Han ef al. p. p.235: 
and Ventura et al. p.243). Genes or regions that show evidence of selection among 
Primates may yet provide the Rosetta stone that will allow us to read our own 
history in the genomes. 
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Breaking new ground. Nacaque-specilic 
‘genomics tools are making studies involving this 
monkey more useful 


sands of genes at once. Rogers, a geneticist at 
the Southwest National Primate Research 
Center in San Antonio, Texas, has drawn up 
maps for both baboons and 
ind is genotyping thousands 


rhesus macaque’ 


of macaques in pursuit of specific genes 

nes that the sequence will make easier 10 
find, “You now will have the tools and 
reagents to do in macaque what you can do in 
humans and in mice,” says Katze, “It will 
completely transform the rhesus as an animal 
model in hu 


wo abet- 
ones are regulated 
in diseases such as influenza, and what vari- 


Already. these efforts are lead 
ter understanding of how 


ants of genes are important for certain behav- 
iors. Researchers are also figuring out how 


macaques differ genetically from humans—a 


NEWS key step in understanding both the value and 


tations of these monkeysits surrogates for 
humans in experimental work. In AIDS 


Boom Time for Monkey Research "ih isin mya tn 


ne expression in humans and 


ques diverges. Otherwise, “we are never 


Macaque researchers have blazed a trail of biomedical firsts. Now, with (0 get the right cure or the right (drug) 

macaque genomic tools at last in hand, this research is rushing ahead in 18" sys genetics Timothy Rava of the 
Hate niversity of California, San Diego. 

new directions . 


Building genomic tools 
THE RHESUS MACAQUE IS THE UNSUNG to push macaque biology into The list of “first discovered in” macaques is 
hero of the maternity ward. In 1940, Nobel tury. Infected by the excitement ov 
laureate Karl L his student human genome, 
Alexander Weiner discovered in thismonkeya to go after the macaque virus caused polio and, ulti- 
J to develop mately, the efficacy of the 


impressive. For example, using macaques, 


indsteiner a they decided researchers demonstrated both thata 


blood protein they called the Rh (for Rhesus) genome 
factor, Researchers soon found the Rh factorin_— the tools to pin down the polio vaccine. Since 1985, 
some but not all humans and realized that a genes underlying the dis- these animals have been sine 


inst orders and behaviors they 3 qua non for HIV studies and 
nda studied. vaceine trials because they can 
that reaction—and resulting They have succeeded be infected by a simian cousin of 


mother could react immunologically 
the factor in her fetus, Now a simple test 


vaccine preve 
mental retardation of even death in about in spades. On pa 
20,000 US. newborns a year. they 

Thanks to Landsteiner, the Rh factor at Baylor College of Medi humans. Then too, monkeys behave 
the early contributions that this cine in Houston, Te much more like people than, say 


¢ 222. the HIV virus that causes a progres 
sion of disease similar to that in 


was amor 


tively few genes identified. Down to thie genes. Studies of intant Primate embryonic stem cell came 


And so about 5 years ago, Jeffrey Rogers macaque behavior help researchers better froma macaque. All tod researchers 
and Michael Katze decided it was 


60-centimeter-tall monkey made to human describe the high-quality draft mice or rats, and they have proven 
health. More recently, the macaque has sequence of the rhesus macaque to be good stand-ins for humans in 

revealed new insights into disorders as (Macaca mulatta) genome. Katze. neuroscience and behavioral stud- 3 
diverse as AIDS and depression. But a virologist at the University of ies. For example, long 3 
researchers seeking to understand the genetic Washington, Seattle, used this vations of monkeys raised with 3 
underpinnings of macaque diseases and sequence to develop a macaque- their parents or just peers led to & 
behavior have been thwarted. Unlike mice specific microarray that key insights into the role of 
and humans, macaque genetics was virtually reveals the expression of thou- mothering in shaping personali- 5 
unexplored territory until recently. with rela- Back in the 1990s, the first 8 


understand the genetic basis of shyness publish about 2000 papers a year on 
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macaques, With publicly funded researchers 
conducting studies on about 40,000 animals 
and drug companies, many more. 

But without good genetic tools, macaque 
research could only go so far. Researchers 
could document an immune response. for 
‘example, but not the changes in gene expres- 
sion associated with that response. They cou 
identify genetically based behav- 
iors—headbanging similar to that 
in humans occurs naturally in 
some maicaques—but had no way 
to track down the genes involved, 
much less knock out a gene, That's 
aa big contrast with mice, in which 
researchers have characterized 
zens involved in dozens of 
human diseases, thanks to muta- 
genesis and gene-knockout tech- 
nologies, Researchers have also 
developed mouse and human- 
specific microarrays—chips or 
lass slides in which probes of 
short DNA sequences measure the 
activity of thousands of genes at 
‘once and reveal complex gene cir 
ccuitties. "envy people who work 
in human and mouse.” says 
Shoukhrat Mitalipov, a develop= 
mental biologist at the Oregon 
National Primate Research Center 
in Beaverton, 

Dozens of macaque researchers have 
made do with microarrays equipped with 
human DNA probes, but they have never 
been sure how well the results represented the 
monkey's gene activity. The average 3% dif- 
ference between macaque and human genes 
means that for some genes the macaque 
sequence may be invisible to a human-based 
microarray. “If you want to know exactly 
What's expressed in monkeys, you have tose 
monkey sequence,” says Shrikant Mane, a 
neuroscientist at Yale University 

‘Those frustrations drove Kat 
their Baylor colleagues to pull t 

§ posal in 2002 to the National Human Genome 
Research Institute to sequence the macaque 
g genome. They got the go-ahead in 2005 forthe 


together a macaque microarray based on the 
} new sequences, Several prototypes later, they 
& came up with one with all the macaqu 
§ 20,000 genes represented on it 


wawwsciencemag.or 


At the same time, a group led by Robert 
Norgren, a neuroscientist at the University 
of Nebraska Medical Center in Omaha, had 
started on its own gene-chip design. The 


researchers first used the human DNA 


sequence to track down the equivalent 
sequence in macaque, working with 
Affymetrix Inc. in Santa Clara, California, 


nh 
Hn i 


‘Monkey model. Rhesus macaques are the most commonly used primates in 
biomedical research and are usetul in studies from AIDS to depression. 


the genes. 
Researchers say both macaque-specific 
microarrays are quite promising. “We can 


now do comparative genomics at the level 
of gene expression 
[We can ask] how is 
the macaque genome 
being expressed and 
how is it similar or 
different from the 
human,” says Tre 
Ideker. a genomi 
at the University of 
California, San Diego. 

For Katze. the 
first task has been to 
understand how the monkeys react at the 
genetic level to potentially deadly viral 
infections. Katze. Yoshihiro Kawaoka of the 
University of Wisconsin, Madison, and their 
colleagues infected seven close relatives of 
the rhesus with a reconstructed version of 
the flu virus that killed more than 3 
people in the infamous 1918 
other monkeys were infected with a modern 
human flu virus. Three. 6, and 8 days later, 


“As we know much more 
about the genome, we are 
in a position to do much 
more sophisticated work 
st in this species.” 
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they killed a few of the macaques and 
analyzed their blood and lungs, using 
microarrays to study gene expression. 
Initially, the macaques’ over 
reacted to the 1918 flu virus, the researchers 
reported in the 18 January issue of Nature 
With both viruses, the macaques” first line of 
defense, the innate immune system, kicked 
in, with genes for inflammatory 
molecules revving up. In the 
macaques battling the modern 
virus, that reaction was temporary, 
but in those with the 1918 flu, the 
enes were not only mor 
but also active much longer, 
ing extensive tissue damag 
To make matters worse, the 
subsequent ability of the cell to 
attack the virus was dampened 
in the monkeys with the more 
deadly flu. Type | interferon 
proteins typically activate genes 
for other proteins that inhibit 
viral replication, But with the 
1918 virus, this genetic pathway 
seemed disturbingly quiet 
Katze is now one of dozens of 
infectious-disease researchers 
using monkey-specifie micro- 
arrays, including in AIDS 
research, The microarrays are 
proving their worth in other disciplines too, 
To take just one example, neuroendocrinolo- 
gist Cynthia Bethea of the Oregon National 
Primate Research Center is using the arrays 
to delve deeper into the eflects of estrogen 
and progesterone on serotonin, a 
chemical important 
in mood, appetite, 
and sex driv 
She and her col- 
leagues have com- 
pared gene expres- 
sion in serotonin- 


‘ase 


producing nerve 
cells in menopausal 

—Normar 
Norman Letvin, monkeys with and 
Harvard University without hormone 
treatments. Her 


unpublished results show that with hormone 
exposure, “there’s a dramatic shift” in a bio- 
chemical pathway that leads to enhanced 
production of serotonin, she says, That path= 
‘way involves tryptophan. which these nerve 
cells can use to make either serotonin or a 
toxin that destroys the nerve cell. In 
macaque hormone recipients, Bethea’s team 
finds increases in the gene activity of five 
enzymes used to convert tryptophan to sero- 
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tonin and a decrease in five that help pro- 
duce the toxins. “Our hypothesis is that 
estrogen and progesterone prevent serotoni 
neuron cell death and encourage plast 
Bethea says. 

To explore this idea further, Bethea 
wants to coax embryonic stem cells to 
become specialized serotoni 
producing nerve cells in a 
lab dish. Here too, the 
microarrays come in handy, 
asa tool to examine the nerve 
cells’ gene expression. So fa, 
the chips show that Bethea 
has some work to do: The ab 
dish neurons still express 
many genes typically active 
only in developing neurons, 


Better gene hunts 

At the same time that dozens 
of researchers are building 
up a picture of overall zene 
activity in macaques, Rogers 
has been working toward 
tracking down. specific 
data from 
ndividualls, 
r, he and his col- 


Last y 
leagues published a genetic 
linkage map of the rhesus 
macaque containing known 


landmarks or bits of identi 


able DNA, places where the sequence varies 
from one individual to the next. These maps 
help researchers home in on specific gs 
when used with family studies, (The 
sequence itself, in contra 


st, comes from a 


single macaque and provides few clues 
about what varies between individuals.) And 
thanks to long-term breed~ 
ing programs for the rhesus 
macaque. Rogers and his 
colleagues can work with 
families 


whose 
genealogies are known or 

an be determined. The 
stage is set to do genetic 


archers 
ng studied various 


have | 
behaviors in macaques. 
including indicators of 
anxiety or shyness, such as 


how long it takes an infant 
to walk away from its 
mother and explore new 
sroundlings. Judy Cameron 
of the Oregon primate cet 


Seeing red. A microarray study 
revealed that although both 
modern and 1918 flu viruses 
revved up inflammatory genes 
early on (red), those genes 
remained dangerously active in 
the 1918 virus. 


ter has recorded how infants react to such 
novel situations and found that the 
exploratory behavior “is strongly heritable,” 
says Rogers. 

But until recently, Cameron and others 
had no way to narrow down where along the 
‘macaque’s 2 pairs of chromosomes the gene 
or genes responsible for this behavior are 
located. Now Rogers and Cameron are using 
the ge ap to note Which landmarks are 
frequent in infants who are timid or in those 
who are adventurous, for example, The land~ 
‘marks will help researchers idemtify the gen- 
eral vicinity of the genes, Then the team will 
search the genome sequence at that location 
for possibly relevant genes and test them, 
“We're very excite “This will 
provide important new information about the 
netics of susceptibility to psychiatric dis 
orders among humans; 

Other groups are taking a similar tack to 

genes for vulnerability to stress or 
risks for neurological and eventually heart 
and other diseases. Their analyses are just 
the beginning of a revolution in macaque 
research, “As we know much more about 
the genome, we are in position to do much 
more sophisticated work in this species.” 
says immunologist Norman Letvin of Harvard 
Medical School in Boston, “There will be a 
great deal of work going forward now that 
these tools are available.” Landsteiner would 
be proud. “ELIZABETH PENNISI 
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Genomicists Tackle 
The Primate Tree 


The deciphering of the human genome was a 
humbling experience. The promise of the proj- 
ect, in the words of James Watson, was “to find 
‘out what being human is." But even when most 
of the 3 billion bases of the human genome had 
been properly placed, much about the 
sequence defied understanding, Where in the 
20,000 human genes uncovered aire the ones 
that set /Yomo sapiens apart from other mam- 
mals, or other primates? To find out, zenomi- 
cists have been scrambling for more data ever 
since, most recently from pri 
istoreconstruct the history ofevery gene inthe 
hhuman genome,” says Evan Eichler. a geneti- 
cist at the University of Washington, Seattle 
And that requires data from our relatives. 
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DNA from different branches of the primate 
tree will allow us “to trace back the evolution- 
ary changes that occurred at various time 
points, leading from the common ancestors of 
the primate clade to Homo sapiens.” says 
Bruce Lahn, a human geneticist at the Univer- 
sity of Chicago in Mlinois, 

In 2005, the unraveling of the chimp 
genome provided tantalizing hints about dif- 
ferences between us and our closest relative 
(Science, 2 September 2005, p. 1468). Now 
the third primate genome, that of 
the rhesus macaque, begins to put the chimp 
and human genomes into perspective. 
Macaques are Old World monkeys, which 
split perhaps 25 million years ago from the 
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Primates are taking center stage in genomics, with the 
macaque serving as an early milestone in understanding 
our relatives’ genomes—and therefore our own 


ape lineage that led to both chimpanzees and 
humans (see diagram, p. 219), So when com- 
pared to apes, monkeys can help identify the 
more primitive genetic variants, allowing 
researchers to tease out the changes that 
evolved only inapes. Researchers want to take 
such analyses back to even more ancient 


evolutionary divenzences, and so seven more 
primate genome sequences are under Way. 
as is the sequencing of the DNA of two close 
nonprimate relatives, Together, these 
genomes “should teach us general principles 
‘of primate evolution.” says Lahn, 

A consortium of more than 100 researchers 
who have been unraveling the macaque 
‘genome are detecting genes that have changed 
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faster than expected in the chimp and human 
lineages: such speed is usually atellae sign of 
nificance in evolution, They are also Findi 
that dozens of base changes known to put 
humans at risk for disease also exist in the 


healthy macaque—but not in the chimpanzee. 
That suggests that some gene variants impli- 
cated in disease are relies of the ancestral pri- 
mate condition, Such studies “may be the 
bridge betwe 


comparative genomics and 
evolutionary biology,” says Richard Gibbs, 
director of the Baylor College of Medicine 
Human Genome Sequencing Centerin Houston, 


Texas, and coordinator of the rhesus macaque 
genome project, 
Gibbs and his colle: 


gues are tackling 


evolutionary biology in reverse. They are 


identifying key genomic differences without 
yet knowing how or whether those differ- 


ences translate into traits that provide sur 


vival advantages. Traditionally, researchers 
have first traced chi 


ges in the shapes and 
sizes of beaks, bodies, brains, and soon, then 
sought the genes behind them. The hope is 
that the two modes of inquiry will meet in the 
middle, But so far researchers have come up 


short in linking genomic changes to traits 


subjected to natural selection and other evo- 


lutionary forces, ironically because of sparse 
biological data on nonhuman primates, says. 
ulycobiologist Ajit Varki of the University of 
California, San Diego: “[Without] basic 
information about the chimp. its phystolog 

really very 


its diseases, its 


impoverished about what you 


Beyond mouse 
In 2001, the human genome sequence drove 
home how little we knew about our genomic 


selves. Aboutone-thind of our genes were com 
plete unknowns, Researchers immediately 
started lining up our DNA with that of worms, 
fish, and rodents to see What genes matched up 
and to try to pin dawn functions. They found 


not just genes but also conserved reg 
\within the “junk” DNA that played as critical a 
role in genome function as the genes thet 
selves, Their finds led to an unquenchable 
as.a way to clarify how 
genomes work. “Every additional species 
increases our ability to resolve functional from 
‘nonfunctional [DNA\}.” explains Ross Hardison, 
4 molecular biologist at Pennsylvania State 
University in State College. 

The surprise of the chimp genome, the first 
nonhuman primate to be sequenced, was the 
large number of insertions and deletions that 
differed between humans and our closest liv- 
ing cousins. There were more changes in the 


thirst for sequence dat 


Neandertal 


Complete coverage. 
Researchers plan to 
eventually sequence 
the genomes ofall 
these primates and. 
related species, with 
‘human, macaque, and 
chimp now published, 
The animals are 
arranged in an artist's 
rendition of their 
family tree, with 
estimated divergence 
dates in millions 

of years. 


Chimpanzee 


Marmoset 


“@ Tarsier 


83 


Mouse lemur 


Tree shrew 
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‘order and number of genes and blocks of genes 
than changes in single base pairs, highlighting 
the importance of this kind of expansion and 
shutfling in primate speciation, 

But the chimp data proved frustrating as 
well, because researchers couldn’t put the 
chimp-human comparisons into an evolution- 
ary context. Ifhumans had one base, saya C, at 
a position where chimpanzees had a G 
researchers had no way of 
h base represented the 
ancestral condition, Consequently, 
there was no way to tell whether 
the change at that position had 
occurred only in humans—and 
therefore perhaps helped define 
‘or in the chimp. 
And so in 2005, the National 
Human Genome Research Insti- 
tute began stuffing mor 
into the sequencing pipeline and 
approved the $20 million rhesus 
macaque sequencing project. “It is 
great to finally have a [distant rela 
tive] that allows ust 
ences betwe 
chimpanzee genomes to 
human or the chimpanzee evolu- 
tionary lineage.” says Svante 
Piuibo of the Max Planck Institute for Evolu- 
tionary Anthropology in Leipzig, Germany. 

‘Sequencers aren't stopping at the macaque. 
Sequencing of many primates, including the 
‘orangutan, the gibbon. and a New World mon- 
key. the muarmoset. is under way, with promises 
that the baboon should be next, In 2006, the 
Wellcome Trust Sanger Institute in Hinxton, 
UK., started deciphering the gorilla genome, 
planning coverage similar to that of the 
macaque, Meanwhile, genomicists have 
started sequencing key genes and regulatory 
regions from other primates, too, “To tell what 
is human-specitic, you need this comparative 
context.” says Anne D, Yoder, an evolutionary 
biologist at the Duke Lemur Center in 
Durham, North Carolina 


Homo sapiens 


primates 


To know a genome 

Already, the primate genomic data are reveal- 
ing bits of our genetic history. For example. 
more than 98% of chimp and human bases 
agree. So researchers hoping to pick out a 
‘with fewer base changes than expected—such 
as regulatory regions conserved in all apes 
are awash ina tide of virtually identical DNA. 
But when the search is expanded to additional 
primates, there's more variation in the 
sequences, and previously undetectable con- 


served regions, even small regulatory 
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sequences, begin to surface. 

For example, Dario Boffelli, now at Chil- 
dren's Hospital Research Center in Oakland, 
California, and his colleagues at the Joint 
Genome Institute in Walnut Creek, California, 
‘wanted to understand the regulation of genes 
that help maintain bealthy levels of cholesterol 
inthe body. They looked at 558,000 bases cov- 
ering genes involved in cholesterol processing, 


DNA reader. Baylor's Richard Gibbs led more than 100 researchers in the 
sequencing of the macaque genome. 


comparing human and six other primates 
baboon, colobus monkey. dusky titi, mar- 
moset, owl monkey. and squirrel monke 

They discovered regions with virtually the 
same sequence in all the primates. Subs 

quent experiments showed that three of the 
newly identified conserved regions do 


indeed regulate genes 
in the cholesterol path- 
way, Boffelli’s team 
reported in January in 
Genome Biology 

In other 
ticularly as re 
look for differences 
that reflect independ- 
ent evolution, data 
from even one additional primate can help. In 
one analysis, the macaque team looked at 
64,000 places in the macaque genome where 
they knew a disea 
the past, researchers have assumed that stich 
mutations were specific to humans. A few 
chimp genes had hinted that some problematic 
bases might predate humans, but the macaque 
drives home how often this may be the case 
Hardison and his Pennsylvania State colleague 
Webb Miller found more than 200 sites where 
the macaque had the same base at the same 
position as the diseased or at-risk human, In 
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“Every additional species 
increases our ability to bs 
resolve functional from 
nonfunctional [DNA].” 

—Ross Hardison, Pennsylvania 


97 instances, both the chimp and the macaque 
‘matched the aberrant human base; in 48 cases it 
‘was just the chimp. And in 84 cases the rhesus, 
but not the chimp, matched the diseased human 
sequence, possibly because chimps also inde- 
pendently evolved away from the ancestral con- 
dition at those sites 

Forexample, about | in 15,000 people have 
phenylketonuria because their gene for an 
enzyme needed to process the 
amino acid phenylalanine is defee- 
tive, Untreated, the buildup of a 
toxic byproduct causes mental 
retardation. In macaques, that same 
defective gene is the normale 
tion and has no ill effects. It 
be that many “disea 
humans are simply ancestral va 
ants “where [a dietary or environ- 
mental] change between the human 
ancestor and the human has 
4 variant that used to be good, baal 
says Miller 

In addition, the macaque 
genome consortium combed the 
e. chimp, and human 
nome’ for families of genes that 
had expanded in one or more 
species, A family consists of the 
original gene and any subsequent copies, 
many of which evolve slightly different 
sequences and functions over tim. 
‘One in particular intrigued Miller, This 
nily, called PRAME short for “preferen- 
tially expressed antigen of melanoma” 
because the genes are activated in melanoma 
and other types of 
tumors—has had a 
mplex history in 
humans. It has at 
least 26 intact mem- 
bers on chromosome 
1. Is one of the 
regions of the human 
nome that 

going wild.” says 

Miller, The chimp has a similarly complex 
set of PRAME genes, but Miller found just 
eight PRAME genes in the macaque. “The 
clusteris very simple [and has] remained sta~ 
ble for millions of years.” he explains. Work- 
ing from this simpler, presumably ancestral 
heand his colleagues hope to unravel the 
timing and types of duplications that resulted 
inthe abundance of human PRAME genes, 
Elsewhere in the genome. the consortium 
found that the macaque has as many as 
33 major histocompatibility complex (HLA) 
genes, more than triple the number in humans. 


State University 
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there was some evolutionary selection that 
favored those extra copies,” says James 
Sikela, a computational biologist at the Uni- 
versity of Colorado Health Sciences Center 
in Denver, “The to} What 


favored that event 
While Sikela and colleagues "/\p 


ponder the macaque’s need for 
HLA genes, 
Cornell University and his col- Cor 
laborators found other 


Adam Siepel of 


which mutations were apparently 
favored by selection, Such posi- 


tive selection, as it is called, 


typically shows up as bases that have 
mutated faster than would occur by chance 


So Siepel’s team compared 10, 


76 macaque 
genes with their equivalents in both the 
chimp and human genomes. They soug! 


jenes with a relative mutation rate that wa: 
her in bases that changed th 


h 
amino acid than in bases that did not alter the 


The researchers found 178 such 


genes, “considerably more” than previously 
identified in human-chimp scans, says Siepel 
Some 


nes, such as a few involved in 


n of hair shafts, were chanj 


idly in the three species, possibly because 


climate change or mate-selection strat 


spurred rapid evolution, Siepel speculates. 
Otherpositively selected 


east one species included 


Know thy genes. 
f the gorilla, chin 


adhesion 


extremely messy, involvir 


ling, as well as genes 
‘We don't really 
to point toa 


nd cell si 


coding 
know enough a 


where we have a really nice story of a difference 
at the molecular level that we can connect toa 
known phenotypic difference.” Siepel laments, 


evolution is 


yenomic leve 


able rr anism, probably witt 


require more 


nd others say that such stories 


nate sequences. Evidence of 
positive selection in the same genes in multiple 
species will provide more clues to what 
prompted such rapid evolution. Moreover. 
researchers can be more confident about label 


ene as “human-specific” once they have 


looked in a number of our relatives and not 
found it, “The more primates one can compare 
says Sikel 


Sequencing decisions req 


the better 
¢ tough 


choices about what species to sequence and 


how thoroughly, however, For his part, Boffelli 


thinks seven or cight primates would suffice 


and favors apes over prosimians, the most 
Primitive living primates. With ape DNA, it 
will be easier to look for positive selection that 
Jedto humans. Bu 


joderthinks it'.also impor- 


SPECIAL: 


tant to understand how the whole primate 
branch has evolved, a point long made by 


re anatomy and behavior. 


earchers studyi 


If you are going to understand which genes 
are primate-specific, you need a pretty broad 
phylogenetic spectrum, [with] things outside 
close to it.” 
ument has 


the primate clade bi 
That ai 


she notes. 
already brought tree shrews and 
flying lemurs (which are not 
Jemurs at all) into the picture, with 
archers planning a quick skim 
ss the DNA to geta very rough 
draft sequence 

Others warn that the quick 

skim, Which is also planned for the bushbaby. 


not be enough, 
short of finished 


mouse lemur, and tarsier, mi 
however. With anythin, 


sequence, the computer programs may pick up 


of evolution—that in re 
rors, warns Miller, 


ity may be sequencing 
That was the lesson of the chimp 


which initially was nota very polished draft 
Varki says the genomic work promises to be 

challe 

level, evolution is extremely messy, involving 


1 in other ways, too: “At the genomic 
every conceivable mechanism, probably with 
lots of blind alleys and red herrings. Decipher- 
ing the significance of these molecularchanges, 
will be fir, far more complicated than  imag- 
ined.” Nonetheless, Siepel predicts, “we're 
going to learn lot in the next S years 

“ELIZABETH PENIS! 


222 


The Rhesus Macaque Genome 


RESEARCH ARTICLE 


Evolutionary and Biomedical Insights 
from the Rhesus Macaque Genome 


Rhesus Macaque Genome Sequencing and Analysis Consortium*t 


The rhesus macaque (Macaca mulatta) is an abundant primate species that diverged from the 
ancestors of Homo sapiens about 25 million years ago. Because they are genetically and 
physiologically similar to humans, rhesus monkeys are the most widely used nonhuman primate in 


basic and applied biomedical research. We determined the genome sequence of an Indian-origi 


‘Macaca mulatta female and compared the data with chimpanzees and humans to reveal the 
structure of ancestral primate genomes and to identity evidence for positive selection and lineage- 
specific expansions and contractions of gene families. A comparison of sequences from individual 
animals was used to investigate their underlying genetic diversity. The complete description of the 
macaque genome blueprint enhances the utility of this animal model for biomedical research and 
improves our understanding of the basic biology of the species. 


hhesus macaques (Macaca mulatta) (1) 
Rss ei im tm 

countered and thoroughly studied of all 
nonhuman primates (lable S11). They have a 
broad geographic distribution that reaches from 
Afghanistan and India across Asia wo the 
Chinese shore of the Paci 


ily Cereopithecidae), this species is closely 
related to humans and shares a fast common 
ancestor from about 25 million years ago (Mya) 
2), The two species offen live in close assoxcia- 
id macaques exhibit complex and in- 
tensely social behavioral repertoies. 

‘The relationship between humans and ma- 
‘aque is even more important because biomedical 
research has come to depend on these primates 
models. Compared with rodents, which 
are separated from humans by more than 70 
rillion years (2, 3), macaques exhibit greater 
similarity 1 human physiology, neurobiology 
and susceptibility to infectious and: metabolic 
d Critical progress. in. biomedicine 
attributed to macaques includes the identifica 
tion of the “rhesus factor” blood groups ant 
advances in neuroanatomy and neurophysiok 
‘ogy. Most important, their response to infectious 
agents related to human pathogens, including 
simian immunodeficiency viris and infhyenza, 
has made macaques the preferred model for 
vaccine development. Lesser-known contribu- 
tions of these animals include their early: use in 
the U.S. space program—a rhesus monkey was 
Taunched into space more than a dozen years 
belore any chimpanzee. 

‘The cynomolgus macaque (M. fascicwlaris) 
pigtailed macaque (M. riemesirina), and Japa- 
nese macaque (M. fiscata) have all contributed 


“To whom correspondence should be addresed. Richard A. 
Gibbs, Emait bem.edu 

‘All authors with their contributions and affations appear 
atthe end of this paper. 
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to research, but the rhesus macaque has been 
used most widely. Taxonomists recognize six 
AM. mulatia subspecies (1), which differ substan- 
Tilly in their geographical range, boxy size, and a 
variety of morphological, physiological, and bo- 
havioral characteristics. North American rescarch 
colonies include animals representing both Indian 
and Chinese subspecies. although India ended the 
exportation of these animals in the 1970s 

With the advent of whole-genome saquenc- 
ing. a highly accurate human genome sequence 
and a drafl of the chimpanzee genome have 
‘been gencrated and compared. The chimpanzoe 
shared a common ancestor with humans. ap- 
proximately 6 Mya (4, 5), and the major impact 
fof the chimpanzee genome sequence data has 
‘been in their direct comparison with data from 
the human genome. However, the chimpanzee 
data have major limitations. First, because the 
alignable sequence is only 1 1 2% different 
from that of the human, there is no informative 
“signal” wo distinguish conserved elements from 
the overall high background level of conserva 
tion. This is exacerbated by the fact that the 
chimpanzee genome was an incomplete draft, 
‘containing sequence errors that coukl potentially 
mask tre divergence. Second, the differences 
that are found between humans and chimpan- 
zees are difficult 0 assign as specific to cither 
the chimpanzee or the human. As a result, the 
cchimpanzce analyses have on their own provided 
relatively few answers to the fundamental ques- 
tion of the nature of the specific molecular 
changes that make us human. 

By contrast, the genome of the thesuss ma- 
ccague has diverged farther from our own, with an 
average human-macaque sequence identity of 
~93% Figure | shows the inferred common an- 
ccestor forall three species, as well as a common 
ancestor that predated the human-chimpanzce 
divergence. A characteristic that is found in 
humans but not in the chimpanzee can be ree 


‘ognized asa loss in the chimpanzee if it is 
present in the macaque, or it can be recognized 
asa gain in the human if t is absent in macaque. 
{In principle, this three-way comparison should 
make it possible to pinpoint many changes and 
identify specific underlying mutational mecha- 
nisms, which could have been critically impor- 
tant during the past 25 milion years in shaping 
the biology of the three primate species, 

‘We examined the basic elements of the rhesus 
macaque genome and undertook reconstruction 
‘of the major changes in the human-chimpanzoe 
rhesus macaque (HICR) trio, The regions of the 
‘genome that were duplicated in macaque were 
then identified and correlated with other ge- 
nome features. Individual macaque genes were 
studied, and the orthologous genes in the HCR 
{iio were aligned to reveal evidence for the 
tion of selection on individual loci. Additional 
animals from other populations were also 
sampled by DNA. sequencing to study their 
genetic diversity. Throughout, complementary 
methods were applied and the different results 
‘combined in order to represent the most com 
plate picture of macaque biology. For a visual 
representation of some of the insights gained 
from the genome and mote information about 


the importance of the macaque as a model 
‘onganism, see the poster in this ise (6), 
Sequencing the Genome 

To generate a draft genome sequence for the 


rhesus macaque, whole-genome shotgun 
sequences were assembled. The bulk of the 
sequencing used DNA fiom a single Mf mulatta 
female, whereas DNA from an unrelated male 
was used fo construct a bacterial artificial chno- 
mosome (BAC) library to provide BAC end 
sequences and to aid in selective finishing, We 


[ 25 Mya 


~6 Mya 


© ©) 


human chimpanzee 


igh 


Fig. 1. Evolutionary triangulation in the hu- 
‘man, chimpanzee and rhesus macaque lineages 
lineage-specific breaks), showing a summary of 
hromosomal breakpoints on a microscopic scale 
Fig. 3) (7). Gircled numbers indicate numbers of 
lineage-specific breaks. 
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used several whole-genome shotwun libraries 
With different insert sizes (~3.0, 10, 35, and 
180 kb) to generate a total of 18.4 Gb of raw 
DNA. sequence through standard Muorescent 
Sanger sequencing technologies. Initial assembles 
to the imemediate scaffold stage were caied out 
by the three different assembly: methods: Athas 
‘whole-genome shotgun, paralld contig assembly 
program (PCAP), and the Celera Assembler (7). 
These Were compared by means of more than 200 
netics, including gross sequerice Satisics, agree 
iment with finished sequence, utility for gene 
predictions in the Ensembl pipeline, and accuracy 
oof alignment to the human genome, The three 
unpolished assemblies were found 10 be kagely 
similar and of high quality, so all were used in 
combination with other genome data for the 
subsequent assembly and placement of lone se- 
‘quence segments on the macaque chromosomes 
(ables 82,1 to S24), 

‘To produce an optimal representation of the 
genome, the three intermediate assemblies were 
merged (Pig. 2) Melding the assemblies in- 
Volved mapping the Atlas-whole-genome 
shogun anit PCAP data to the Celera Assem- 
ber output, which had longer contiguity than the 
‘other two data sets at this stage of the process. 
“There was lite difference between assemblies at 
the sequence contig level, at which robust 
sequence alignments guide the reconstructions, 
sso we focused our attention instead on contigs 
that were joined into 
of Cola Assembler 
‘on their mapping 1 the other two macaque 
assemblies, Analysis of the output showed that 
this composite assembly was superior to any of 
its components (able S24) 

During assembly, a comparison with the 
human genome sequence [National Center for 
Biotechnology Information (NCBI) accession 
ccoxfe bld35] identified a. small number (<100) 
‘of obvious inconsistencies, such as improper 
joins of different chromosomes. These seal 
folds were therefore split at the misassembly 


Fig. 2. Assembly by three methods 
‘of the thesus macaque genome. 
WGS, whole-genome shotgun. 
BCM-HGSC, Baylor College of Med- 
icine Human Genome Sequencing 
Center; WashU-GSC, Washington 
University Genome Sequencing 
Center; JOVI, J. Craig Venter Insti- 
tute. QAO quality assurance and 
‘quality control, 


Pretmirary, 
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point, The human map was also used to help 
place large merged scaffolds onto the ma- 
aque chromosomes (8, 9) [the chromosome 
numbering of Rogers et al. (8) was used] at the 
highest level of the assembly process. Given 
that the human data were only used to split 
scaffolds and that de nove macaque assemblies 
were always given precedence over the mapping 
to the human genome in the macaque assembly 
menging and chromosome assignment process, 
the final product should not be regarded as a 
“humanized assembly.” 

The total ength of the combined genome 
assembly was approximately 2.87 Gb (Table 1). 
This incorporated ~14.9 Gb of raw sequence, 
Which represents about KI coverage of 
the macaque genome. Comparison with ex- 
pressed sequence tag (EST) sequence data and 
approximately 1.8 Mb of finished sequence (see 
"Selected sequence finishing.” below) indicated 
that ~9R% of the available genome was rep- 
resented, No misassemblics were identified in 
‘that comparison Contigs showed an NSO (min- 
imum length of contigs representing half of 
‘the total length of the assembly) of >25 kbs the 
N30 for sequence sealfokls was >24 Mb. 
sion codes are available online 


elected sequence finishing. The rhesus 
macaque genome assembly is a draft DNA 
sequence, and it contains many gaps. A higher 
data quality with greater contiguity was desired 
at several genomic regions that attracted addi- 
tional interest. In these cases, individual BAC 
clones were isolated, and data quality was im- 
proved by sequence “finishing.” Many of these 
BACs were in regions of pronounced genome 
duplication, whereas others were gene-rich, All 
finished BACs, their gene content, and their 
‘genome coontinates are listed in table S2.6. 


Overview of Genome Features 


General organization and coment. The ma 
caque genome is onganized into 20 autosomes 


vos 


—s = 
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and the XY sex chromosomes. With the ex- 
ception of 48 breakpoints (Fig. 1)— including 
three fusions, one fission, and. breakpoints 
induced by inversions that are each detectable 
through chromosome staining, by radiation hy- 
brid mapping, or by comparative linkage map- 
piing—there is a superficial simitarity between 
the macaque and human chromosomes (8-17). 
‘Several chromosomes in the macaque are also 
more acrocentric than their human count 
pats, but many from the two species are dif= 
ficult to distinguish, 

Nucleotide sequences that aligned between 
the human and rhesus average 93.54% iden- 
fity. I, however, small insertions and deletions 
are included in the calculation, identity is re- 
duced to 90.76%. Considering regions that are 
difficult 10 align, such as lineage-specific in- 
terspersed repeat elements, would. further 
decrease the level of computed identity. More- 
over, evolutionary distances exhibit local fl 
tuations, as in other mammals (3), and less 
divergence was observed in chromasome X 
(94.26% idemtity of aligned bases). The GC- 
content of the rhesus in aligned bases was not 
notably lower than that of the human (40.71% 
versus 40.74%), 

Gene content, A thuman-centric ppproich 
‘was used 10 generate new macaque gene sets 
(table $3.1 and fig. $3.1), These sets inelude (i) 
Ensembl (/2) gene models based primarily on 
the alignment of the human Uniprot and RetSeq 
resources with the current assembly to define 
the overall gene model, followed by the into 
duction of the macaque-specific sequences 
(mainly as lineage-specific paralogs) in that 
framework: (i) Gnomen (NCBI) models that 
include the consideration of the available 
(50,000) macaque ESTs along with the human 
RefSeq; and (iii) Nscan data that include 
muhiple-species alignments along with DNA 
alignments (13). Overall, ~20,000 loci were 
predicted by our methods in which at least one 
exon was found by two additional predictors 
An additional ~S000 loci were each predicted 
bby a single method, but manual inspection of a 
ssibset of these loci shows that they are enriched 
in gone-prtiction errors, mainly duc 10 mis- 
classification of evidence (cxz.. eDNAs from 
Untranslated regions that were classified as 
containing protein coding). On average, high- 
confidence orthologs have 97.5% idemtity be- 
tween the human and macaque at both the nue 


‘Seto Ana Table 1. Mf. mulotta assembly statistics. Total 
bases, excluding gaps, number 2,871,189,834. 
Process 
Contigs __Scaotds 
Total number 302,039 122580 
Eeeeg se a7 NSO size in bp 25,707 24,345,431 
+ Number to NSO 32,114 36 
Raserbly Rhelnc? largest in bp 219,335 98,200,701 
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The Rhesus Macaque Genome 


cleotide and amino acid sequence levels. (The 
nucleotide and amino acid percentages agree 
third of nucleotide difter- 
‘ding regions change an amino 


acid.) 

Overall repetitive landscape, Repeat eke- 
ments account for ~S0% of the genomes of 
all sequenced primates (14) (Table 2). Similar 
to the human, the rhesus macaque contains 
about 320,000 recognizable copies from more 
than 100 different families of DNA transposons 
and more than half million recognizable copies 
‘of endogenous retroviruses (ERVS). In general, 
the DNA transposons show no new lineages, 
but the ERVs demonstrate a complex phylogeny 
and many examples of new and expanded fam- 
ily members, some resulting trom horizontal 
transmission, In addition, we conservatively 
estimate that ~20.000 Lis [a family of tong 
interspersed clements (LINEs)}. and ~110,000 
Alu clements (a primate-specific family of short 
interspersed elements (SINEs)]. were specifical- 
ly acquired in the Ol Work! monkey lineage. 
These two retrotransposon families. accounted 
fior most lineage-specific insertions and have 
played a major role in shaping genomic 
architecture. Among them, rhesus macaque: 
subsets (derived from the LIPAS 
and ANY) are frequently polymorphic 
and ean be assayed by polymerase chain re: 


action (PCR) genotyping analyses for genetic 
studies (75). 


Determining Ancestral Genome Structure 
Cytogenctcalty visible rearrangements. The most 
notable genomic differences among the HCR trio 
are the presence of eytogenctically visible rear- 
rangements. The human and chimpanzee karyo- 
types are distinguishable by one chromosome 
fusion and nine cytogenctically visible perioentrie 
inversions (16); with the use of the macaque as 
aan outgroup, all of these breakpoints (except 
those induced by two inversions) have now been 
chameterized at the DNA sequence level (17. 
Analysis of genomic sequence confirms that 14 
‘breakpoints, corresponding 10 seven inversions, 
‘occurred in the chimpanzee lineage, as indicated 
1. (Five of the inversions are summarized 
in table S4.1.) The pericentric inversions of hu- 
man chromosomes 1 and 18 and the fusion ere- 
ating human chomesome 2 are specific to the 
human. Comparison of the reconstructed human- 
chimpanzce ancestral genome and the rhesus 
genome reveals 43 breakpoints on the micro- 
scopie scale (Figs. 1 and 3). 

Submieroscopic rearrangements. Previous 
analyses [reviewed in (/4)] have indicated that 
primate genomes harbor more structural dif= 
ferences than visible by cytogenetic staining 
Analysis of these events is complicated by 1 


Table 2. Summary of repeat content of the rhesus macaque genome compared with the human and 
chimpanzee genomes, hg18, human genome version 18; panTro2, Pan troglodytes version 2; 
theMac2, rhesus macaque version 2; LIR, long terminal repeat; MIR, mammalian interspersed 
repeat. SVA is a composite repetitive element named after its main components, SINE, variable 
number of tandem repeats, and Alu; includes SVA precursor elements. 


UNE SINE 

Species DNA ——LTRVERV. SvA 
u Alu MIR 

hg 355,000 506,000 $72,000 363,000 1,144,000 584,000 3400 

panTio2 305,000 453,000 $58,000 315,000 1,111,000 $53,000 4400 

theMac2 327,000 432,000 531,000—-298,000 1,094,000 539,000 150 


Fig. 3. Chromosomal 
breakpoints between 
rhesus macaque and 
the human-chimpanzee 
ancestor, Each chromo 
some is represented by 
a white bar (let) and a 
colored bar (right. A 
total of 820 thin hort 
zontal ines in the white 
bars represent submicro- 
scopic breakpoints (10- 
kbp to 4-Mbp range) 
detected by genomic 
triangulation (19), and 
43 thick black ines in 
the colored bars repre 
sent breakpoints on a 


microscopic scale (>4 Mbp) (7). Numbers above each bar show the total lines within the bar. 
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issues: the draft state of the genomes 
presence of extensive sezmental dupli 
We analyzed these structural rearrangements by 
using the distance between orthologous blocks 
in cach species 10 infer the ancestral genome 
structure and determine where reamrangements 
‘curred on the phylogenetic tre. We excluded 
events smaller than 10 kilobase pairs (kbp), 
‘which are mostly due 10 retroposon insertions, 
and focused on cytogenetically undetectable 
‘breakpoints induced by insertions, deletions, 
inversions, and complex rearrangements of sizes 
between 10 kbp and 4 Mbp, Data were com- 
bined fiom inversion detection and ancestral 
‘constructions by the contiguous ancestral regions 
method (78) and gap detection by the genomic 
triangulation method (/9), which further inte- 
gates data from genomic sequence comparisons 
20) and comparative maps (8, 9, 22), The anal- 
ysis revealed more than 1000 rearrangement- 
induced breakpoints through the HCR linea 
of which $20 occur between rhesus andthe 
reconstructed human-chimpanace ancestor (Fig, 3 
and fig. $4.1), Each chromosome therefore con 
stitutes a complex mosaic, with multiple changes 
introduced to orthologous counterparts. When 
rhesus macaque is compared with the human- 
chimpanace ancestor, the X chromsome exhib- 
its three times more rearrangements per mega 
‘hase than the autosomes. This is both statistically 
ant and consistent with a slightly more 
than threefold difference observed in the hu 
man lineage following the branching off o 
chimpanzee (19), Given that a slower rate of 
variability atthe singke-nuckeotide level in the X 
chromosome eompared with autosomes has ben 
interpreta as support for speciation models, this 
difference is worthy of farther investigation (22) 


Duplications in the Genome and 
Gene Family Expansions 

Genomic Duplications, Segmental duplication 
fof genomic regions and the genes they contain 
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are well known in mammals and are postulated 
to drive fundamental processes, including the 
birth of new genes and the subsequent expan- 
jon of gene funilies (23). To diseover duplica- 
tions in the macaque genome, we used a battery 
erent complementary approaches. Two of 
‘these, whole-genome assembly comparison (24) 
and BLASTZ (25) analysis of segmental 
duplications, depended directly on the assembly. 
We used a third method, whole-genome shotgun 
sequence detection (26), that calculated depth of 
‘coverage of the raw shotgun sequence reads rela- 
tive to the assembly. A fourth procedure was 
created on the basis of BAC end sequence reads 
‘combined with BACs that were directly mappat 
bby means of'the pooled genomic indexing method 
(2D, The common interspersed repeat families 
\were not considered in any of these analyses. 

‘The first two approaches identified approx- 
imately 35.0 Mb of a recently duplicated se- 
‘quence in the macaque assembly. A further ~1S 
Mb were collapsed in the assembly and 
discovered by whole-genome shotgun sequence 
detection (fig. SS.1 and table $5.1). Adjusting 
{ior these collapsed duplications and the over- 
all assembly coverage, we estimate that ap- 
proximately 66.7 Mb or 2.3% of the macaque 
{genome consists of segmental duplication 
(Fig. 4)--this proportion is substantially lower 
than that of either the human or chimpanzee 
genome (5 t0 6%) (26, 27) 

‘The pooled genomic indexing and BAC end 
‘sequence read methods suggested slightly high- 
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ce kevels of overall duplication, on the basis of 
fluorescence in situ hybridization analysis of 
randomly selected large-insert BAC clones (28). 
However, this estimate was still less than the 
4.8% recently estimated for the baboon genome 
(28). Overall, we consider 2.3% to be the lower 
bound of duplicated genomic DNA in the 
macaque genome. 

As with the human and chimpanzee, the 
analysis of the macague assembly revealed an 
enrichment of segmental duplications near gaps, 
centromeres, and telomeres (14, 29), The study 
also identified segmental duplications that con- 
tain genes of high biological significance. For 
example, the CCLILI-CCLA gene region [for 
Which copy-number variation in humus is cor- 
related with susceptibility to HIV infection (300), 
eytochrome P50 (sociated with Wxicity me 
sponse) KRIB-C2H2 zine finger (a developmental 
regulatory transcription factor), olfictory recep- 
tor (sell, hurnan Ieukoeyte antigen (HLA), and 
‘other immune ad autoantigen gene families were 
all observed in regions of genome duplication, 

Expansion of zene families, Two approaches 
Were used to study gene family structure directly 
\ithin the draft genome sequence: (i) statistical 
approach, based on a likelihood model of gene 
gain and foss across the mammalian tree (3/) 
and (i) hybridization of whole genomic DNA 10 
eDNA arrays [a variation of array-based com- 
pantive genomic hybridization (array CGH] 10 
observe changes in gene content dincctly (32). 
‘The results are shown in Tables 3 and 4 


RheMac2 Assembly 
WGAC Alll (> 1kb > 90%) 
34.97 Mb non redundant 
Intra: 24.73 Mb nr (blue) 

Inter: 13.74 Mb nr (red) 


Fig. 4. Global pattern of macaque segmental duplications. The statistics ae based on all WGAC duplications 
(> 90%, >1 kb in length, whereas the figure displays only those between 90 and 95% sequence identity 
and >10 kb in length fr simplicity. Red lines indicate interchromosomal (inter) duplications, blue ticks show 
{intrachromosomal (intra) events, and purple bars show centromeric, acrocentric, andor large gap regions. 
WAC, whole-genome assembly comparison. nr, nonredundant. 
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‘The statistical approach revealed that 1358 
genes were gained by duplication along the 
‘macaque lineage. This method simultancously 
estimates rates of change along individual lin- 
ages and generates 4 quantitative assessment 
of confidence in rate differences among lin- 
cages. Iterative modeling revealed higher rates 
in primates, relative to other mammals. The 
rates are similar to those obtained by inde- 
pendent methods in both humans (33) and 
rodents (3), 

We identified 108 gene families, computa- 
tionally predicted 1o have changed in size 
among the primates, evolving at a significantly 
higher rate than the overall primate rates of gene 
gain and loss (all P< 0,001, Table 3). More 
than 64% of the macaxue-specific expansions dis- 
play evidence of positive selection in their coding 
sequences, supporting the notion that this rate 
disparity may be driven by natural selection, 

Gene copy-number estimates. by genon 
hybridization (CDNA. array CGH) (32) iden- 
tified $1 genes (124 CDNAS) with copy-number 
increases in the macague, relative to the hum 
(Table 4 and table $5.2), OF these array CGH 
predicted macaque-sp eases, 33% (17 
‘out of SI) were also found by computational 
analysis of gene family gains: and losses. A 
separate analysis found that $5% (28 out of $1) 
are increased in copy number as estimated by 
BLASTike Alignment Tool (BLAT)-based (34) 
predictions fiom the theMac2 assembly. In con- 
trast, when random sets of genes (cDNAs) were 
chosen for BLAT queries, only 1.43% suggest 
copy-number inereases (P< 0.0001). 

The genome-wide acceleration identified in 
primates may be due 10 an explosion in the 
number of Ale transposable ekments in the 
Primate ancestor, which may have allowed an 
Increase in the rates of nonallelic homologous 
recombination, leading 10 higher rates of both 
duplication and deletion (35), Atematively, the 
rates of duplicate gene fixation may be duc to 
the small population size in primates (36) 
relative to rodents. 

Particular expanded gene families. Expan- 
sion of individual gene families may help to 
‘dntify processes that distinguish biological 
Features among onganisms. One example in hu- 
mans is the preferentially expressed antigen of 
melanoma (PRAME) gene family that consists 
ofa single gene on chromosome 2241 1.22 and a 
cluster of several dozen genes on chromosome 
1p3621. PRAME and PRAME-Iike genes are 
actively expressed in cancers but normally man= 
ifest testiv-specific expression and may thus have 
a role in spermatogenesis. The genomic organi- 
zation is complicated: the cluster on human 
chromosome I exhibits copy-number variation 
in human populations (37, 38) and, together with 
a similar orthologous cluster on mouse chromo- 
some 4, apparently amse by translocation not 
Jong before the divenzence of primates and 
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rodents, about 85 Mya (39) (Fig. $ and fig $5.2), 
‘After that translocation event, the human and 
mouse zene clusters expanded independently 
idence for positive selection has been found 
in these genes, and two segmental duplications 
postdating human-chimpanzee divergence 
added about a dozen genes to the human cluster. 

‘To properly resolve evolutionary changes in 
the PRAME gene family, we further sequenced 
six macaque BAC clones to achieve a higher 
data quality, and we assembled them into a 
single contig (table $2.6). These eight PRAME 
{genes Were compared with human and chimpan- 
‘ee yenes identified from the latest assemblies 
for both species. We estimated a phylogeny for 
all identified genes, designating the mouse gene 
cluster and the human PRAME gene on chi 
mosome 22 as outgwups. We then reconciled 
this wene tree with the species tree by maximum 
parsimony, Our reconstruction reveals exten- 
sive duplication early in primate evolution (Fig. 
SB, branch a), in recent chimpanzee evolution 
(Fig. SB, branch «), and, most notably. in recent 
human evolution (Fig. SB, branch ©). The 
PRAME gene chister appears 1 have been 
ch less dynamic on the macaque Tinea 
(Fig. SB, branch ) and in early horninins (the 
human and chimpanzee branch, Fig. SB, 
branch ¢). A lange inverted tandem duplication 
‘occurred on the macaque lineage shortly after 
divergence from the human lineage, but no 
additional large-seale rearrangements are evi- 
dent, The relative quiescence in macague al- 
ows us to identify older duplications that are 
difficult to discem in the execedingly complex 
human selF-alignments (7) 

‘The infeed PRAME gene tree shows pro 
nounced differences in evolutionary rates across 
branches. as well as some quite long branches 
that suggest bursts of adaptive change, Using 
maximum likelihood methods, we found evie 
selection on several of these 
s (Fig. SA). This positive selection, 
combined with the highly variable pattem of 
gene duplication and expansion, suggests: that 
the PRAME gene family has played a key role 
in species evolution. 

We identified a second segment of extensive 
‘genomic duplications concentrated at the telo- 
mere of macaque chromosome 9. orthologous to 
st human locus at 10p15.3 and observed by rmuli- 
ple approaches to be distributed throughout the 
macaque genome. The genes phosphofuctokinase- 
platelet form (PEKP) and DIP2C were ex- 
panded in this region and yielded the highest 
array CGH macaque-to-hurnian ratios in the we- 
home (average logs ratios of 3.30 and 2 
respectively), DIPIC is implicated in seementa- 
tion patterning, although its relevance to ma- 
‘caque evolution is currently obscure. PFKP is 
important in sugar (fructose) metabolism, raising 
the possibility that the pronounced copy-number 
‘expansion in macague may be relevant to the 


Table 3. Gene families with significant copy-number expansions (P < 0.0001) in the human and the 
‘identical statistic forthe rhesus macaque. Gene family ID, identification numbers from Ensembl version 4. 
Family sie, number of gene copies in the current genome assemblies. Gains and losses, number of genes 
‘gained and lost since the human's split wth chimpanzee or the macaque's spit with human-chimpanzee 
lineage. 1G, immunoglobulin; 1GE, immunoglobulin E; Pre, precursor; MHC, major histocompatibility 


complex; TCR, T cell receptor; ENV, envelope; ATP, adenosine 5 triphosphate, 


Gene family Description Family size Gains Losses 

Expanded in human 
ENSF00000000020 1G heavy chain V region a 20 ° 
ENSF00000000073 Receptor 56 16 0 
£ENSF00000000233 _Peptidyl prolyl cis trans isomerase 38 9 ° 
NSF00000000312 Histone H2b 2B 7 0 
ENSF00000000597 —Golgin subamily A 49 6 0 
ENSF00000000664 —_Aniyrin repeat domain 33 9 0 
eNSF00000000822 Unknown cy 9 0 
ENSF00000000841 Tripartite motif a z Z 
ENSF00000000936 Centaurin gamma 15 9 ° 
ENSF00000001036 Cold inducible RNA binding 2 8 0 
ENSF00000001546 Ubiquitin carboxy! terminal hydrolase 16 2B 2 
ENSF00000001599 _Leucine-rich repeat uu 7 0 
£ENSF00000001665 DNA mismatch repair PMSZ 2 5 0 
ENSF00000001738 Unknown 15 7 ° 
ENSF00000001920 405 ribosomal $26 B z 1 
€NSF00000001974 Unknown cu 3 ° 
NSF00000002160 Double homeobox 15 B 0 
NSF00000002570 —_Keratin associated 5 7 2 0 
ENSF00000003683 Unknown 5 3 ) 
ENSF00000004835 Ambiguous B 9 0 

Expanded in macaque 
‘ENSF00000000014. HLA class 1 Ul 2 ° 
£ENSF00000000037 HLA class 1 16 10 0 
ENSF00000000070 keratin type 1 65 30 0 
NSF00000000077 Histone H3 32 nu 0 
ENSF00000000085 1G kappa chain V region a7 2 2 
ENSF00000000138 —Keratin type Il 39 10 0 
£wSF00000000150 Taste receptor type 2 3B 9 0 
ENSF00000000178 Aldo keto reductase family 1 19 9 0 
£wSF00000000397 Ral guanine nucleotide dissoc stim. 19 10 i 
ENSF00000000432 killer cell IG receptor Pre MHC class | 9 3 ° 
ENSF00000000630 TCR beta chain V region Pre 8 9 ° 
ENSF00000000705 ENV polyprotein B na 0 
ENSF00000000766 60S ribosomal I7A % bu 1 
€NSF00000000773 Ribosomal I7 B wz ° 
ENSF00000000826 60S ribosomal I23A 20 6 ° 
ENSF00000001027 60S ribosomal {17 2 3 0 
ENSF00000001077 —_Nucleoplasmin cu 9 ° 
NSF00000001211 —67-KD laminin 8 10 0 
NSF00000001235 —_Nonhistone chromosomal HIG 17, ra) cry ° 
ENSF00000001236 60S ribosomal (32 B n 0 
ENSF00000001249 605 ribosomal {12 16 8 0 
ENSF00000001359 —_USPE N terminal 4 10 0 
ENSF00000001460 _Prohibitin 7 4 0 
ENSF00000001671 60S ribosomal (32 20 6 0 
ENSF00000001861 40S ribosomal $10 9 5 0 
NSF00000002239 60S ribosomal [19 8 5 0 
ENSF00000002279 405 ribosomal $17 8 4 ° 
£ENSF00000002476 60S ribosomal (18 7 4 o 
ENSF00000002633 IGE binding 1» 4 ° 
ENSF00000003321 _Argininasuccinate synthase 9 6 ° 
ENSF00000003395 _10-KD heat shock protein n 8 o 
ENSF00000004083 ATP synthase subunit G 4 3 o 
ENSF00000007347 Unknown 7 3 ° 
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Table 4. Genes identified as expanded in copy number in the macaque, relative to the human, by _hieh-ffuit diet common among macaques, As wi 
the array CGH method. The leftmost column represents IMAGE cDNA clones that show array CGH ther array CGH copy-number estinates, the 
predicted copy number increases in the rhesus macaque relative to the human. The middle two tonal satus of the additional copies is not known. 
columns list corresponding gene names and array CGH logz macaque-to-human ratios. The Six of the individual macaque BACs that mapped 
rightmost column presents BLAT-predicted copy numbers based on theMac2 and hg18 genome 1 the region revealed related duplicated. se- 
assemblies. quences on rhesus chromosome 3, which formed 

fiom the fasion of onhologs of human chromo 
Average tog, MEMACGIB- somes 7 and 21, sugvesting that these genes 


IMAGE clone array CGH ratio PUT Predicted yay have played a rok inthis expansion 

copy numbers “Another macaque-specific increase involves 
41109/1900937 PEKP 330 Wt the 22 HLA-telated genes located in the region 
454926/1862434 pipec 254 at fothologous to human chromosome 621 (table 
1475421757369 est 174 mat S54). A previous study found that HLA gene 
50877/110020 EST 148 4 copy number was higher in the macaque than in 
795258/157413V/191978 ATPS}2 az 2anot the human (40), and our results confirm and 
(824545/278888 est 137 on extend this finding, demonstrating thatthe 
2457916/322067 NAICS 137 916t macaque TILA copy number is greater than th 
504421/435036 ‘DFP 127 oat found for the human as well as all four 
7699211146882 usec 117 83t species (fig SS3), This finding also suggests 
155620/154809 WL 14 810 that, although the macaque has been extensively 
1985794°/1470105 est 114 6 used to modcl the human immune response, 
32083/270786 FU)30436 1B 2B there may be substantial and previously un- 
306344/773260 MATE rete 32t appreciated differences in HLA function be- 
'884480/194908 COK7CIPRO2463 109 Mt tween these species. Notably, the copy number 
244205*/462961/768172/8247764/123971 DHFR 105 wnt ‘of another immune system related gene cluster, 
72745/1626871" HA 1.02 us immunoglobulin lambala-like (GL) at 2241 
1493107/1637726 LTBADHIEST 097 32 is also predictad to be increased in the mac: 
163407/843374 stom 0.96 22 (table $5.4). Members of the /GL locus encode 
258666/428043 PSMBzIEST 0.96 at fight chain subunits that are part of the Pre-B 
112498/824894 est 0.95 00 cell receptor, donot undergo reamangemen 
322317770984 EsTIII2442 0.95 3/2t and, when mutated, can result in B cell do- 
981713%/953542"/981925" est 0.95 Cr) ficieney and agammaglobulinemia, Additional 
1636233/814459 9orf23 093 ant known genes predicted by array CGH to have 
529185/609265 SELK 093 wat markedly increased copy numbers in the 
298965/1472754/512003" conse 093 Tat cague lative 10 the human include DHFR, 
322561240620" est os 3122 ATPS)2, DNAJCS, ADFP, an MAT2B. Overall, 
208656/415195 Fuj20294 092 2 the main characteristics of the set of amplified 
840698/39977 FU202S4/MAPRES art ‘genes were their diversity and the wide variety 
773287/1635681 NDUFA2 art ‘of genomic regions they occupied. 
756763*/725401" est va 
80742/60694 st on Orthologous Relationships 
1415672"/1558664" est 0” The macaque genome has also allowed for a 
323806/38029 st 2 detailed study of more subile changes that have 
5955471997889" st um accumulated within onhologous primate genes. 
9536541953643" est 00 The average human gene differs trom its 
783035783249" est wu ‘onholog in the macague by 12 nonsynonymous 
84272"/1415750" 133A 083 45/40t and 22 synonymous substitutions, whereas it 
3221751210873 ESTIPPY2 ost ww dliflers from its ortholog in the we by 
1569731/1569604 est 079 aa fewer than three nonsynonymous and five 
292982/129431 est 078 we synonymous substitutions. Similarly, 89% of 
112785/361565" RoXaNIGLUOI 78 Tat humar-macaque orthologs differ at the amino 
292452/450327 smeP 078 22 acid level, as compared with only 71% of 
1606275/1534633 Corf129/STON O77 32 human-chimpanzee onhologs. Thus. the chim 
212847°/1415750" Est 0.76 22n6¢ —_panzce and human genomes are in many way 
6641217745347" PIGZIEST 076 ‘art too similar for characterizing protein-codi 
-982122/982113/121546/503735 ESTIFLIIA668 073 916+ evolution in primates, but the added diene 
950688/611603 ESTATP6VIGI 073 4B fof the macaque helps substantially in clarifying 
327202/194384 ESTIBTES or re the signatures of natural selection. 
1897071897676" eT on wu General characteristics of orthologous genes 
301388/825470 ToPZA 069 ert We developed an automatic pipeline to identity 
590390756469" RoXaN 0.62 3Rt 10,376 tries of HCR genes to which we could 
Tanase with onpdatonl aya ol gee Tani guns nd bet TATadopreba Stina odeiad | in a high confidence of 1:1:1 onthology: 
and bg8 genome assembles tat are consistent with aray CGH predictions. For comparison, we also identified 6762. hu- 
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Fig. 5. Organization of the PRAME gene cluster in the NCR lineages. (A) 
‘Maximumelkelinood phylogeny for PRAME-lke genes in the human (H), 
chimpanzee (P), and thesus macaque (M) genomes. Colored circles indicate 
inferred duplication events, patil genes are shown in italics, and branches 


han, macaque, mouse, and rat quartets; S61 
HICR, mouse, and rat quintets; and $286 CR, 
mouse, and doy quiniets. Because the human 
‘gene models are by far the best characterized 
for primates, we first identified a set of 21,256 
known human protein-coding genes derived 
from a union of the RefSeq (47). Vega (12). 
and University of California- Santa Cruz Known 
Genes (43) collections, These genes were then 
mapped to synteny-based genome-wide multiple 
alignments (44, 45) and subjected to a series of 
rigorous filters to eliminate spurious annotations, 
paralogous alignments, genes that have become 
pscudogenizd in one oF more species, and wenes 
With incompletely conserved exon-inton. struc~ 
tures (7), The wones that pas all filters represent 
1:11 orthologs in which aligned protein-coding 
‘bases are highly likely to encode proteins in all 
species, with identical rending frames. 

Despite the draft quality of the chimpanzee 
and macaque assemblies, the majority of human 
‘genes mapped through syntenic alignments 10 
the chimpanzee (93% of genes) and macaque 
(89%) genomes (Fig. 6) (7), and most of these 
‘genes were completely alignable in their coding 
regions. Fairly lange factions of human genes, 
however, were discanted because of apparent 
fame-shift insertions and deletions (indels) or 
nonconserved exon-iniron structures with n= 
spect to their putative chimpanzee or macaque 
orthologs. On the basis of 81 finished BACS, 
covering 294 genes, we estimate that, out of 
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$526 genes failing the fiers for alignment 
completeness, frame-shift indels, and conserved 
‘exon-intron structure, 2138 (37%) were discarded 
completely because of flaws in the macaque 
assembly: the remaining 3388 (61%) were dis. 
carded either because of genuine changes 10 
‘genes or because of annotation of alignment 
errors (7). Another 2261 genes pased the 
human-macaque filers but failed the human- 
chimpanzee filers, and a large majority of these 
failures were probably due to flaws inthe 
chimpanzce assembly. Altogether, we estimate 
that finished genomes for the macaque and 
cchimpanzce would allow the number of genes in 
hhigh-confidence onhologous trios to be in- 
creased by at Keast 23%, to ~12,800 (7). No- 
tably, our conservative onholog sets may create 
4 bias against fastevolving genes and therefore 
may lead to underestimates of average levels of 
divergence and the prevalence of positive 
selection: 

Alignments of the 10.376 orthologous trios 
were used fo estimate the ratio of the rates of 
nonsynonymous and synonymous substitu- 
tions per gene (denoted (9), with continuons- 
time Markov models of codon evolution and 
‘maximum likelihood methods for parameter 
estimation (46-48). This yielded a mean 
estimate of © = 0.247 (median 0.144), close 
to the value of 0.23 estimated for human and 
chimpanzee genes (29), About 9.8% Fall genes 
show no nonsynonymous changes in the three 


showing significant evidence of positive selection are colored orange (P 
values are shown above orange lines). Scale bar, 0.05 substitutions per ste. 
{B) Another view of the same phylogeny, showing the duplication history in 
the context of the species tee (7), 


species, and 2.8% have o > 1, suggesting that 
they are under positive selection, Consistent 
With previous studies (49), certain classes of 
genes exhibit unusually large or small w values, 
such as those assigned to the wene ontology (50) 
category “immune response,” which have an «9 
istrbution shifled significantly toward tanger 
Values, and those assigned to the “transcription 
factor activity” category, Which have a distr- 
‘bution shifted toward smaller values (fig. $6.1), 

‘Our estimates for « in primates ane consid 
‘erably larger than previously reported estimates 
for rodents, which have a median of 0.11 (3), 
and larger than similar estimates from primate- 
versus-rodent comparisons (29) (Fig. 7). To 
compare the average rates of evolution of 
protein-coding genes in primates with those 
other mammals, we estimated a separate value 
of @ for each branch of a fivespecies phyl 
eny, pooling data from all 5286 one-to-one 
‘orthologs for these species (fig. $6.2), We 
obtained similar estimates of for the hu- 
‘man (« ~ 0.169) and chimpanzce («9 ~ 0.175) 
Tineages, but substantially smaller estimates for 
the branches leading to nonprimate mammals 
(«= 0.104 to 0,128), suggesting a reduction 
purifying selection in hominins (29), The 
estimate of « for the macaque lineage (« = 
0.124) is substantially smaller than the esti 
mates for the human and chimpanzee and is 
‘closer to the estimates for the mouse and dog, 
perhaps reflecting the larger population size of 
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Fig. 6. Numbers of hu 
rman genes passing suc 
cessive filters inthe 
corthology analysis. pipe- 
line. Genes are required 
to fallin regions of lage 
scale synteny between 
‘genomes, to have com 
pletely aligned coding 
Fegions, not to have 
frame-shift indels or al- 
tered gene structures, 
‘and not to show signs 
‘of recent duplication. 


macaques compared with the other primates. 
‘The estimates for the intemal branches between 
the most reeent common ancestors of the 
human and mouse and of the human and 
matcague, as well as the most recent commen 
ancestors of the human and macaque and of the 
human anit chimpanzee, are nearly equal 1 the 
Imacague estimate, This suggests that protein- 
coding sequence evolution in macaques: may 
have occurred at typical primate rate, whereas 
itis the elevated rates in hominins that may be 
anomalous 

When primate and rodent © of individual 
ones were compared, primate onhologs were 
found to be evolving more rapidly by a 3:2 
ratio, This ayymmetry was also evident among 
‘genes shovving substantial differences in primate 
‘© (a). on the basis of human-mnacague align- 
iments, and rodent (0), deduced from mouse 
rat alignments. According 10 a strict Bonferroni 
ccomeetion for multiple testing, 22 genes showed 
statistically significant Gp >. whereas only 
the genes showed oy > by (MeNemar P = 
0.001). If multiple testing eriteria are relaxed, 
the bias toward larger @y fs more notable (1444 
Vers 8: tables $6.1 and $6.2). Cases of ep > 
‘0, generally reflect an increase in ep, whereas 
ceases of «> Wy result both from an increase 
and a decrease in ey. The genes show ing 
tistically significant #4, > e are enriched 
for functions in sensory perception of smell 
and taste as well as for regulation of tran 
scription (7). 

Positive selection. Taking advantage of the 
adgitional phylogenetic information provided bry 
the macaque geniome, we performed a genome- 
\wide sean for positive selection. using our 
10,376 HICR orthologous trios and likelihood 
ratio tests (LRTS) (5/-53). Four different 
LRTs were performed: test TA, for positive 
selection across all branches of the phylogeny, 
and tests TH, TC, and TM for positive se- 
lection on the individual branches to human, 
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Fig. 7. Distributions of win pri- 
mates versus rodents. Histogram of 
estimates of = dA for human, 
chimpanzee, and macaque versus 
estimates for mouse and rat in 
5641 onthologous quintet, showing 
pronounced shift toward 
values in primates (P= 22 x 
‘Mann Whitney test). Genes with 
dN = 0 oF dS = 0 are counted in 
the relative frequencies but not 
shown. 


chimpanzee, and macaque, respectively. Our 
methods use an unrooted tree and cannot 
distinguish between the branches to macaque 
aand the human-chimpanzee ancestor: for con- 
YVentienee, we refer to the combined branch as 
the macaque branch. In all cases, variation 
among sites in « was allowed and, 1 reduce 
the number of parameters to estimate per were, 
the branch-length proportions and tansition- 
transversion ratio (x) were estimated by pool 
ing data from genes of similar G’C content 
(7). Test TA identified 67 genes, and tests TH, 
TC, and TM identified 2, 14, and 131 genes 
(false-discovery rate (FDR) < 0.1 in all cases), 
respectively. The large number of genes identi- 
fied for the macaque branch is partly a reflection 
of its greater length compared with the chim- 
panzce and human branches (7). 

These four sets of genes overlap consider 
ably, particularly among their highest scoring 
Predictions (Table $ and table S63). Their 
tunion contains 178 genes, oF 1.7% of all genes 
tested, The two genes identified by TH—those 
encoding the leukocyte immunoglobulin-tike 
receptor LILRBI and hypothetical protein 
LOC399947—were also identified by TA, 
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and the gene for LILRBI was identified by 
TC as well, indicating evidence of positive 
selection on multiple branches, However, 12 
out of 14 genes idemtified by TC were not 
inlentified by the other tests, indicating pos 
ble lineage-specific selection in the chimpan- 
zee. These include sex comb on midleg-tike 
1 (SCMLI) and protamine 1 (PRM), which 
‘were previously identified in an analysis that 
could not distinguish between selection on the 
human and chimpanzee branches (52), In 
addition, 99 wenes were identified by TM but 
not the other tests. These genes may be under 
lineage-specific selection in the macaque and/or 
may have experienced positive selection on the 
branch leading to the most recent common 
ancestor of the human and chimpanze 

The genes identified by our tests for posit 
selection are enriched for several categories 
from the gene ontology (50) and Protein 
Analysis Through Evolutionary Relationships 
(PANTHER) (54) classification systems that are 
similar to those observed in previous genome- 
‘wide scans for positive selection ). These 
include defense response, immune response, T 
cell-mediated immunity, signal transduction, 
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and cell adhesion (tables $6.4 10 $6.7). Among 
the yenes in these categories are several 
immunoglobulin-like genes, including those 
that encode the leukocyte-associated. inhib- 
itory receptors LILRBI and LAIRI (located 
in a cluster on chromosome 19), the T cell 
surface glycoprotein CD3 epsilon chain pre- 
cursor CD3E, and the intercellular adhesion 
molecule 1 precursor ICAMI. Other identi- 
fied genes associated with cell adhesion and 
‘or signal transduction include those that en- 
code DSGI, a calcium-binding transmembrane 
component of desmosomes, and the trans 
membrane proicin TSPANS (which has gained 
an exon by duplication in the macaque ge- 
ome). Genes encoding membrane proteins in 
general are strongly overrepresented: other 
‘examples include the genes that encode con- 
nexin 40.1, active in cell communication, and 
OPNISW, the gene encoding bluc-sensitive 
opsin. 

In addition, we observed strong enrichments 
for new categories sueh as iron ion binding le... 
the beta globin (788), lactotransferin (LF), an 
eytochrome B43 heavy chin genes (CYBB)] 
and oxidoreductase activity (e.. KRTAPS-S 
and KRTAPS-4, which encode keratin-assoiated 
proteins, and VDUFSS, which encodes a sub- 
Unit of the nicotinamide adenine dinucleotide 
ubiquinone oxidoreductase). Two keratin genes, 
Which are important for hair-shaft formation, 


are present among the top-scoring genes; 
these genes could conceivably have come 
under positive selection as a result of mate 
selection or climate change. Genes classified 
as part of the extracellular region, which in- 
clude the keratin genes, are in general over- 
represented, Many of the identified genes 
from this category encode scereted proteins, 
such as the interferon alpha 8 precursor IFNAS, 
Which exhibits antiviral activity; the interleukin 
8 precunor ILS, a mediator of inflammatory 
response; and CRISPI, which is expressed in 
© epididymis and plays a role at fertilization in 
spermegg fision, 

We found only weak enrichments for 
genes involved in apoptosis and spermato- 
‘genesis (52), but we did sce a significant ex- 
cess of high likelihood ratios among. genes 
involved in fertilization. Other categories that 
show an excess of high likelihood ratios but 
that are not enriched for genes identified by 
‘our tests include blood coagulation, response 
to wounding, and related categories: epider- 
mis morphogenesis; KRAB-box transcription 
factor; and olfactory receptor activity (tables 
$6.6 and S67). Their elevated likelihood 
ratios may reflect either weak positive selee- 
tion oF relaxation of constraint, 

The inclusion of the macaque genome sub- 
stantially improves statistical power to detect 
Positive selection in primates, compared with 


previous scans that used only the human and 
chimpanzee genomes (29, 52). By examining 
about $000 human-chimpanzce alignments with 
a similar LRT, Nielsen et al. (52) were able to 
identify only 35 genes with nominal P< 0205, 
and when considering muliple comparisons, 
they were able to establish only that a 5% false 
discovery rite set was nonempty. By contst, 
the use of the macague genome allows the 
identification of 13 genes under positive selec- 
tion in hominins and an additional 163 under 
selection on one or more other branches of the 
phylogeny, with FDR < 0.1. We estimate that 
including the macaque genome makes test TA 
about three times as powerful. However, includ- 
ing macaque rather than mouse (54) as an 
outgroup improves the power of test TH only 


ed by the LRTS are gen- 
rally randomly distributed in the genome, and 
10 significant clustering was observed wh 
tested (P= 0.24), although small clusters w 
found on human chromosomes 1 and 19 (7), 
Chromosome 11, with 10 genes identified by 
test TA, has more than twice the expected 
number of genes under positive selection, but 
this enrichment is not significant after corectt 
for multiple comparisons [P= 0.10, Fisher's 
exact test and Holm correction (7)]. However, a 
significant enrichment was observed for genes 
overlapping segmental duplications that oc- 


Table 5. Selected genes from top 40 showing evidence of positive selection in valve for test TA (7). Genes shown have FDR < 04. Test, the test (other than test 


primates. Accession, the number ofthe reference transcript for each gene (human). 


‘TA that detected the given gene. The Dup column has a checkmark if a gene 


Chr, human chromosome on which reference gene resides. P value, nominal P overlaps 2 segmental duplication preceding the humarvmacaque divergence. 


Accession Gene name che Description P value Test dup 
‘8126077 KRTAPS-8 n Keratin-assocated protein 5-8 6.20 x 10 ™ v 
NM_006669 my » Leukocyte immunoglobulin-like receptor 720 x 10 1H, TC Y 
NM_o01942 561 ry Desmagtein 2 preproprotein 1.10 x 107 ~ 
NM_173523 MAGEBS x ‘Melanoma antigen family 8, 6 5.30 x 10" « ’ 
NMt_054032 MRGPRXA n G protein-coupled receptor MRGXS 5.60 x 10% ™ v 
NN_000397 oes x Gftochrome b-245, beta polypeptide 150x107 ™ 
NM_oo1911 156 u Cathepsin G preproprotein 150 «107 ™ 
NM_000735 GA 6 Glycoprotein hormones, alpha polypeptide 120 x 10 ™ 
NM_001012709 KRTAPS-4 n Keratin-associated protein 5-4 270 x10 ™ ‘ 
NM_ 000201 1am w Intercellular adhesion molecule 2 precursor 2.70 x 10% ™ 
NM_001131 CRISPI 6 Acidic epididymal glycoprotein-like 1 isoform 1. 1.60 x 10% ™ 
NM_002287 wart » Leukocyte-associated immunoglobulin-like 3.10 x 10% ™ t 
NM_153368 x40. 10 Connexing0.1 4.90 x 10° = 
NM_018643 TREML 6 Triggering receptor expressed on myeloid cells 6.30 x 10 ™ 
‘NM_000300 PLAZG2A 1 Phospholipase AZ, group IIA 130 104 - 
8020840 TCRA “ T cell receptor alpha chain C region 1.50 x 10 - 
NM_000733 C03E n ‘CD3E antigen, epsilon polypeptide 150 x 10* ™ 
NM_ 001014975 FH 1 ‘Complement factor H isoform b precursor 1.50 x 10% = 
NM_001423 EMPL w Epithelial membrane protein 1 150 x 10 ™ 
NM_001424 EMP2 6 Epithelial membrane protein 2 150 x10 ™ 
NM_002170 1eNAS 9 Interferon, alpha 8 150 x 10 - 
NN_030766 Bci2L14 2 BCL2-like 14 isoform 2 150 x10 - 
NM_ 006464 TGOUN2 2 Trans-golgi network protein 2 1.80 x 10% ™ 
NM_014327 POSSI 10 Prenyl diphosphate synthase, subunit 2 1.80 x10 = 
NM_000518 488 n Beta globin 2.00 x10 ™ 
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curred before the human-macaque divensence 
(P= 0.006, Fisher's exact test), sugzesting an 
ed likelihood of adaptive evolution 
lowing gene duplication. Four of the top five 
‘genes identified by test TA overlap segmental 
duplications that predate the human-macague 
divengence (Table 5). 


inc! 


Genetic Variation in Macaques 

The use of dhesus macaques as animal models 
of human physiology ean be greatly enhanced 
by an improved understanding of their under- 
lying. genetic variation, To explore rhesus e- 
netic diversity and to create resources for further 
genetic studies, we generated a total of 26.2 Mb 
‘of whole-genome shotgun sequence from 16 
unrelated individuals (cight of Chinese origin 
and eight of Indian origin, table $7.1), We next 
identified 26,479 single-base differences {puta- 
tive single-nucleotide polymomphisins (SNPs) 
through comparison with the reference genome, 
‘Overall, we found approximately one SNP per 
kilobase. which is on average close to that found 
in similar human studies, There was a surprising 
diflerence of SOM in overall diversity between 
the autosomes and the X chromosome (Fig. 8A). 


We expected a value of 75%. This expectation 
was based on differences in effective chro 
mosome population sizes, qiven that females 


have two X chromosomes and males carry 
‘only one. The reduction in diversity could be 
duc 10 recent selective sweeps of positively 
selected recessive mutations on the X chromo 
some (53), 

We abo found that the frequency of the 
whole-genome shotgun SNPs diflered substan- 
tially among the animals from the different pop- 
ulations (0.95/kb in Indian rhesus and. 1.06/kt 
in Chinese thesis), and there was suggestive 
Variation in SNP density within their subpopai- 
lations (SD = 0,0275/kb for Chinese macaques: 
SD = 0.0527/kb for Indian macaques). Together 
\with complementary data from PCR analysis of 
polymorphic LI and Alt clement insertions (igs 
S7.1 and $7.2) that showed population sub 


structure, this prompted additional experiments 
in which 48 animals from the two populations 
\were surveyed by PCR-dincet DNA sequencing. 
Details and most conclusions from that study 
have been reported by Hemandez et al. (56), 
including a demonstration that >67% of SNPS 
discovered by dircet sequencing are private to 
cach subpopulation. The strong population dif- 
ferentiation is reflected in fixation index (FST) 
Values (a measure of population differentiation) 
and a marked difference in Watterson’s (37) ¢s- 
timate of the population mutation rate between 
the two groups. Here, we observed that the pop 
ulation differences are also reflected in differen- 
tial distribution of Tajima’s D statistic and in 
Jinkage disequilibrium across sampled regions 
(Fig. 8, B and C). Each of these statistics further 
reflects the possibilities of sweeps of natural 
selection or major differences in population 
histories that must be fictored into ongoing 
genetic studies. These initial insights into the 
underlying patiems of variation within individ- 
tual animals will therefore provide the basis for 
future genetic analyses. In ation to ther uli 
{or identification of individual animals, the SNP 
markers will be invaluable for larger-scale pop 
tilation studies. 

Male mutation bias. compasison of human 
rhesus substitution rates (calculated at imerspersed 
repetitive cements) between the X chremoson 
and the autesomes yielded an estimate of the 
male-to-femake mutation rate ratio (a) of 2.87 
(99% Cl= 2.37 to 381; table $7.2), This value 
is lower than = 6 estimated for the human and 
chimpanzee (58) but higher than a» 2 esi- 
mated for the mouse and rat (3, $9). Thus, this 
argues against a uniform magnitude of make 
mutation bias in mammals (5) and supports a 
correlation between male mutation bias and 
generation time (60, 61). 


Human Disease Orthologs in the Macaque 
While the general morphological and phys- 
iological similarities between humans and ma- 
‘caques greatly enhance the utility ofthe latter as 
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a model onganism, specific differences in their 
underlying coding sequences can also provide 
biological insivhts, By comparing human dis- 
ase genes with their macaque equivalents, we 
identified numerous instances in which the allele 
observed in the macaque comesponds 10 the 
discase allele in the human, These occurrences 
that the human disease variants could 
her persistent (i, ancestral) or recurring 
sequences that represent the recapitulation of 
ancestral states that may once have been pro- 
tective, but which now result in adverse conse- 
quences for human health (62), 

To identify the ancestral disease-associated 
alleles in human, we sereened the macaque and 
chimpanzee assemblies for the presence of any 
of the 64,251 different disease-causing. 01 
diseaseassociated mutations collected in the 
Human Gene Mutation Database (63, 64), A 
total of 229 substitutions were identified. for 
‘which the amino acid considered 10 be mutant 
in human conesponded to the wikl4ype amino 
acid present in macaque. chimpanzee, andor a 
reconstructed ancestral genome (Table 6) (45) 
(Gee table S8.1 for a fall fst 

One surprising result of the analysis was 
the identification of several human loci that, 
when mutated, give rise to profound clinical 
phenotypes, including severe mental retarda- 
tion, For example, the macaque data revealed 
deleterious alleles in the omithine transcarba- 
mylase (OTC) and phe 
(PAH) genes, which are associated 
with OTC deficiency and phenylketonuria, In 
humans, these mutations greatly perturb the 
‘ponmal serum amino acid levels. Direct exam- 
ination of macaque blood revealed lower 
concentrations of cystine and eysteine than in 
the human and slightly higher concentrations o 
alyeine than in the human, but-no inerease in 
phenylalanine or ammonia, which might have 
boon a praicted result of these changes (tables 
S82 and S83), Although the effect of the 
observed alleles might be greatly influenced by 
compensatory: mutations (66) oF other environ= 
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Fig. 8. SNP within rhesus macaques. (A) SNP densities per kilobase for Tajima’s D statistic across 166 amplicons for each population (n = 38 for 


‘eight Chinese (blue) and eight Indian (red) individuals in autosomes and 
the X chromosome. Error bars indicate standard error with variance 
calculated across individual-chromosome replicates. (B) Distribution of 
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gamete test) across five 
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9 for Chinese individuals). (C) The distribution of the 
‘number of haplotypes per haplotype block (determined using the four- 


regions. 
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mental factors, it remains a possibility that the 
basic metabolic machinery of the macaque may 
‘exhibit functionally important differences with 
respect to our own (Fig. 9). 

‘Ancestral mutations were also identified in 
the N-alpha-acetylglucosaminidase (NAGLU) 
gene that gives rise to mucopolysaccharidoses 
(Sanfillipo syndrome), which is also charac 
terized by profound mental retardation. Their 
occurrence invites further investigation of the 
contribution of this and related genes to the 
phenotypic differences between macaques and 
humans, and the potential for futher explo- 
ration of these monkeys as models for this 
disorder, 

We also identified a human mutation asso- 
ciated with Stargardt disease and macular 
dystrophy that matches an ancestral alleke by 
replacing lysine with glutamine at position 223 
‘of the human ABCA protein (Fig. 9). Umeda 
et al, (67) reported the presence of the ghitamine 
in a cynomolgus monkey, and all other cuthe= 
rian mammals as well as the predicted boreocu- 
therian ancestral sequence have ghitamine at this 
position, Furthermore, glutamine is present at 
this residue in Xenopus, thereby implying eon- 
servation through some 300 million years of 
vertebrate evolution, Thus, it may be inferred 
that the ancestral glutamine has been replaced 
by lysine in humans. Similarly, one CFTR mu 
tation [Phe*”—+Leu™ (PheS7Leu)] is present not 
only inmost mammals (Fig. 9) but also in 
Fugu, also implying extensive conservation 
through vertebrate evolution, 


Impact of a Genomic Sequence on 

Biological Studies 

In addition to its impact on comparative ant 
genetic studies, the genome sequence reported 
here heralds new era in laboratory stiles of 
macaque biology. The full potential for mone 
precise definition of this animal motel aud it 
‘gene content is not yet realized, but the value of 
the new sequence in guiding DNA microanays 
for studying macaque gene expression has al- 
ready become clear (68), Previously, human or 
macaque EST-based arrays had been used for 
expression studies (69), The most recently 
released microarray now adds probes designed 
by alignment of the 3° untranslated regions of 
23,000 human RefSeq genes to the sequences 
fiom the initial macaque genome release (Janu- 
ary 2003, Minuild.1, approximate genome cov 
erage of 3S-fold). The vast majority of the 
probes on this array (98.5%) now mateh the 
current macaque genome release with hig 
‘confidence and represent 18,690 unigue genomic 
loci, These provide a representation of recog 
nized functional pathways with an enhancement 
about thnoe times that of the previous data, and 
‘overall more uniform ankt robust hybridization 
signals compared with those of previous micro- 
arrays (64) (tables $9.1 10 $9.3). 
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‘The power of wlobal transcriptional profil- 
ing with advanced macaque-specific reagents 
has been demonstrated in studies of vinulene 
and pathogenicity of influenza from historic 
pandemic strains, as well as fom emerging 
agents of zoonotic origin. We infected macaques 
with the human influenza strain A/Texas369 
(70) and compared the expression chang: 
observed in lung tissues to those scen in whole 
bblood during the coune of infection. Figure 10 
shows a differential time course of expression 
‘between interferon-induced genes and genes in 
the inflammation pathway, in different tissues 
(table $9.4), The increased expression in lung 
tissue shortly after infection reflects the early 
innate response, whereas genes associated 
With the reemergence of the inflammation 
pattem at day 7 implicate a transition to an 
adaptive immune response. These kinds of 
studies will be crucial for elucidating all of the 
transitions from innate 10 adaptive immune re- 
sponses and are fully enabled by the macaque 
specific microarrays developed from the genome 
sequences 

We expect many more immediate examples 
‘of the impact of other tools developed from the 
finished macaque genome. For example, the 
requirement for improvements in PCR-based 
methods is shown by a recent report on the 
large-scale cloning of terminal exons for ma- 
ceaque yenes, in which the use of human primers 
was successful, on average, in 67% of cases 
(7D, Only a native sequence can allow suff 
cient precision for these types of highly specifi 
assays. A similar increase of activity in studies 
fof the macaque proteome cin be predicted, 
given that early efforts in macaque proteomics 


have had to rely on human reference sequences 
for analyzing liquid chromatography and tan- 
ddem mass spectrometry data (70), 

Discussion 

The drafl genomic sequence reported here has 
already moved the macaque from a model that 
has been much studied at the level of physiol 
ogy, behavior, and ecology to a whole-onganism 
system that can be interogatal a the level of 
the single DNA base. This transformation is 
evident in the literature as well as in this special 
section (15, 19, 57, 72) 

Additional general conclusions emerged 
fiom this study. First, the data make it con- 
ceivable to define completely all of the oper 
tional components of the pathways underlying 
the individual biological systems that together 
cconstituie the functioning adult macaque, For 
example, a complete description of all the dif. 
ferent macaque immune function components 
will enable an even more thoughtful use of 
shesus macaques in areas such as AIDS research 
and for vaccine production. 

Second, We were struck by the high value 
of adding regions of genome finishing to the 
draft sequence for the comparative analyses 
of genes and duplicated structures. This pro: 
vides an argument for future finished primate 
genomes. 

Third, the data now provide new oppor- 
tunities to explore the basic biology of this 
highly successful species. Rhesus macaques 
tain a broad geographic distribution with 
reasonably healthy population numbers and 
‘widely studied ecology and ethology. The pe- 
netic resources generated in this study will 


Table 6. Examples of human mutations that cause inherited disease and match an ancestral or 
nonhuman primate state. Chr:start-stop shows the address in the March 2006 human assembly. 
Name is the name used by the Human Gene Mutation Database (64), The notation “N>A:CHMT” 
means that N is the consensus human amino acid, A is the disease-associated form, C is in the 
‘current chimp assembly, H isin the inferred human-chimp ancestor, M is in rhesus, and T is in the 
inferred human-rhesus ancestor (the mouse and dog were used as outgroup species) (73). 


Chestart-stop Strand Name EPAENEN Gene Disease 
chri:94270150-94270152 ~~ _CO14300 R>O:RROR _ABCAA Stargardt disease 
chri:94316821-94316823 = COMOISO72 HoRRARR BCAA Stargardt disease 
chri:94337037-94337039 = CHOA2258. K>G:0000 BCAA Stargardt disease 
ti6:26201158-26201160 + ~—~HMO3O0028 V>AVVAA HFE —Hemachvomatosis 
he 7126936418-126936420 + C940237 FOLFFLL CAR Ciptc fibrosis 
7054872-117054874 + CH9419B4 KORKKRK CAR Cystic fibrosis 
ch12:201761685-101761687 962547 YoHLYYHY PAH Phenylketonuria 
ce2s201784521-101784523 = 941128 TIM PAH —_Phenylketonuria 
13:5141335451413356 -—_CHDAAS79. V>KAAAA —ATP7B.Wison disease 
e13:112843266-112843268 + CMOZ1094 D>EDDED FIO Factor X deficiency 
chr17:37948991-37948993 + CHOAOSES R>Q:RAQQ__NAGLU Sanfilippo syndrome B 
chrl:43656115-43656117 + CHNO64230.S>G:GGGG _RYRT Malignant hyperthermia 
chrX3B111526-38111530 + GNPALLIS RHRRHH OTC Ornithine hyperammonemia 
cheK38125613-38125615 + CM9EI0S2 ToMITTT OTC Orithine hyperammonemi 
tvK138458220-138458222 + CHOASI48 EKEEKK —F9__Hemophila B 
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undoubtedly form the basis of many analyses 
of population variability and inter-population 


diversity 


[A Ancestral alleles are now mutations in human 
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Finally, the genomic rearangements, dupli- 
cations, gene-specific expansions, and measure- 
ments of the impact of natural selection presented 


Fig. 9. Ancestral disease 
mutations. Examples of 
human mutations that 
match the sequences of 
chimp andlor macaque 
‘are shown. (A) Genes in 
which the ancestral allele 
is now the disease- 
associated allele in hue 
mans. (B) An instance 
in which the mutant 
allele in humans is the 
normal allele in ma- 
‘aque. The amino acid 
sequences predicted for 
the boreoeutherian an- 
«cestor (65) are given on 
the top row of each 
alignment block. Iden- 


tities are shown as dots and differences are given as 
letters (73). The position of the mutation in humans is 
boxed in orange, and the box extends through the rele- 
vant comparisons. 


Fig. 10. Application of rhesus-specific microarrays. A microarray based on the rhesus macaque 
draft genome was used to analyze gene expression in a macaque model of human influenza 
infection. Gray bars measure an overall response for indicated functional categories, based on 


corresponding heat maps, and reveal a significant rebound in expression at day 7 for genes, 
associated with the inflammatory response, when compared to interferon induction. Red, increased 
‘expression; green, reduced expression. Details are given in (7, 70). 
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hore have revealed the rich and heterogencous 
‘genomic changes that have occured during the 
evolution of the human, chimpanzee, and ma 
caque. The marked diversity of the types of 
change that have occurred demonstrate a major 
Feature of primate evolution: The aggregation of 
changes that we see, even in closely related 
species, does not reflect smooth, progressive, 
and orderly genomic div Models. of 
abrupt or punctuated evolution already acknowl 
ge that smooth and continuous change is 


difficult to achieve on an evolutionary time 
scale, but this study provides a nouble example 
ff the operation of this principle in our close 
relatives. 
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Human-Specific Changes of 
Genome Structure Detected by 
Genomic Triangulation 


R. A. Harris, }. Rogers,? A. Milosavijevic™?* 


Knowledge of the rhesus macaque genome sequence enables reconstruction of the ancestral state 
‘of the human genome before the divergence of chimpanzees. However, the draft quality of 
nonhuman primate genome assemblies challenges the ability of current methods to detect 
insertions, deletions, and copy-number variations between humans, chimpanzees, and rhesus 
macaques and hinders the identification of evolutionary changes between these species. Because of 
the abundance of segmental duplications, genome comparisons require the integration of genomic 
assemblies and data from large-insert clones, linkage maps, and radiation hybrid maps. With 
‘genomic triangulation, an integrative method that reconstructs ancestral states and the structural 
evolution of genomes, we identified 130 human-specific breakpoints in genome structure due to 
rearrangements at an intermediate scale (10 kilobases to 4 megabases), including 64 insertions 
affecting 58 genes. Comparison with a human structural polymorphism database indicates that 


many of the rearrangements are polymorphic. 


he human, chimpanzee, ant rhesus mae 
| ‘aque genomes have now all been se 
quenced, but the draft quality of the 
hhonhuman primate genomes hampers accurate 
compatisons between these species. A challenge 
in using draft-quatity genome assemblies 10 
analyze evolutionary changes is that relatively 
e numbers of differences less than 4 Mb in 
size among closely related onganisms, duc to 
microinyertions, deletions, and copy-number 
variations, occur in highly duplicated regions 
that are hard to assemble and compare. Lineage 
specific rearrangements in primates have been 
detected by chromosome banding (7) and thie 
. situ hybridization (2), but these 
ot sensitive enough to identify 
Iicroinsertions and deletions. Array comparative 
_zenomic hybridization can detect microinsertions 
‘and deletions (3-6) but cannot position them on 
the genome, Chimpanzee fosmid end sequences 
(FESs) that map inconsistently, based on insert 
sie and orientation, onto the human genome 
have been used to detect structural differences 
(7), but such studies are prone to false positives 
and negatives in regions where the genome 
assembly is incomplete or erroneous and are 
Timited to comparisons of two species. FES 
‘mapping. along with pairwise genome assembly 
comparisons between human and chimpanzee 
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(8), could not establish the ancestral genome stat 
Hor assign structural rearrangements to speci 
lineages. It is increasingly evident that the 
reconstruction of primate genome evolution 
requires the integration of genomic data obtained 
by different methodologies (9-1/), duc, in par 
to segmental duplications that confound both 
nome assembly and determination of orthokogy. 
We performed a three-way comparison of the 
rhesus, human, and chimpanzee genomes to 
reconstruct the ancestral zenome atthe branching 
point of chimpanzee and human. We were able 10 
infer human-specific rearrangements, including 
insertions. deletions, and inversions, at an 
intermediate scale of resolution above the 10-kb 
retroposont insertion size and below the 4-Mb 
size detectable by eytogenetic methods. 

Genomic triangulation reconstructs. genome 
evolution by inputting genomes and other avail- 
able genomic data fiom at feast three species, 
two of which form a monophyletic group and 
‘of which is basal to those two and serves as 
an outgroup. The output is a reconstruction of 
the ancestral genome of the monophyletic group 
and a map of breakpoints in specific branches of 
aan unrooted phylogenetic nee. Genomic trian- 
‘gulation consists of three main steps (Fig. 1 and 
SOM methods): fi) blockset construction, Gi) 
ancestral threading, and (iii) ancestral gapset 
construction. 

The blockset construction step (Fig. 1) takes 
two genomes and produces blocks consisting of 
Pairs of orthologous chromosomal segments un- 
‘broken by large-scale rearrangements (12), cach 
‘block corresponding to a segment of the ances- 
tral genome of the monophyletic group. Blocks 
are inferred from collinear orthologous anchors 
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across WO extant genomes. The orthologous 
anchors are markers in either comparative 
linkage maps or radiation hybrid: maps or are 
inferred from genome assemblies and large- 
inser clones. When clone ends of one species 
anchor onto loci in another species at a distance 
consistent with insert size and in correct orien= 
tation, a clone-sized block is inferred. Overlap- 
pring consistent clone-sized blocks are mengcd 
into langer blocks. Blocks produced by different 
anchoring methods are similarly menged on the 
basis of regions where their genomic coor 
dinates overlap. IF different’ methods proxluc 
inconsistent blocks, the longest block is chosen 
as the best orthology assignment, 

The ancestral threading step (Fig. 1) deduces 
the ancestral genome structure from blocksets in 
a process similar to standan! genome assembly 
The overlap of blocks from different blocksets is 
deduced from overlaps of positional coordinates 
of the blocks within a single species, All over- 
lapping blocks from the thie pairwise blocksets 


are “threaded” by this method into scaffolds of 


fn ancestral genome. The inferred ancestral ge- 
‘nome and the pairwise blocksets between extant 
species are then used to deduce ancestral block= 
sets connecting the extant genomes with the 
ancestral genome. 

Because every breakpoint is flanked by two 
blocks, for each pair of adjacent blocks we de 
fine an entity we call a gap. The distances be- 
‘ween the pained blocks in the two genomes ane 
associated with cach gap, The ancestral gapset 
construction step (Fig. 1) infers ancestral gapsets 
fiom ancestral blocksets, The ancestral gaps Lo- 
calize breakpoints positionally within a genome 
and evolutionarily within a branich of the phylo- 
genetic te, 

Genomic triangulation was applied 1 map 
the evolution of the genomes of the human, chim 
panzee, and rhesus macague. The results, ine 
tegrated with those obtained by other methods, 
are summarized in (13), The input data for ge- 
nomic triangulation were human, chimpanzee, 
and rhesus genome assemblies anchored by Pash 
4) aod University of Califomin Santa Cruz 
(UCSC) Alignment Nets (/5), mapped fosmid 
and bacterial artificial chromosome (BAC) end 
sequences, thesus BACs mapped by pooled 
‘genomic indexing (/6), and human-rhesus com- 
parative linkage (/7) and radiation hybrid (18) 
‘maps. Varying combinations of merged data sets 
‘were input to detect breakpoints at six different 
levels of resolution (lable $4}, Detected break- 
points were merged into a single set for further 
analysis. A total of 288 putative human-specific 
‘breakpoints were detected by genomic trangula- 
tion, Figure 1 shows the general method! that 
allowed us to infer the existence of a human- 
breakpoint, 

‘Visual inspection of the breakpoint loci by 
means of the UCSC Genome Browser revealed 
158 breakpoints that could not be coroborated 
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The Rhesus Macaque Genome 


and were classified as possible false positives 
(SOM methods and table $5), Of these, 31 were 
due to gaps in the human assembly. The re- 
maining 127 are disagreements with alignment 
nets in the UCSC Genome Browser and may 
represent artificts associated with the current 
implementation of the genomic triangulation 
method. Among the remaining 130 human- 
specific breakpoints, there are 64 insertions, 7 
deletions, 16 inversions, and 43 breakpoints that 
could riot be unambiguously assigned to a 
specific type of arrangement (Fig. 2). The 
average size of detected reamangements on the 
hhuman genome was 110,063 base pairs (bp), 
ranging from 20 t0 1,368,171 bp. 

‘The human-specific rearrangements were 
‘compared with rearrangements detected by the 
mapping of chimpanzee FESs onto the human 
‘genome (7), A total of 52 breakpoints detected 
by genomic triangulation overlapped with 68 
rearrangements, out of a total of 592, detected 
by FES mapping. Because FES mapping docs 
not assign rearrangements to a specific lineage, 
by virtue of overtap the 6X rearrangements de 
tected by FES mapping coukl now be placed in 
the human Tineage. In onder to estimate the 
amount of overlap expected by chance, 100 sets 
‘ofrandom genomic locations, with sizes matched 
to the rearrangements detected by genomic 
triangulation, were created and their overtap with 
the FES rearrangements was determined. On aver- 
age, 25 random locations overlapped with FES 
rearrangements, indicating a 2.1-fokd (S225) 
‘enrichment for overlap in the genomic triangu- 
lation set as compared to the random set 
nparison of detected rearrangeme 
the Segmental Dups track from the U 
Genome Browser (19) revealed that | deletion, 
7 inversions, and 32 unclassified rearrangements 
\were within. 10 kb of a segmental duplication, 
Of the G4 insertions, 42. (66%) overlapped 
sezmental duplications, with 25 insertions being 
at least 98% identical to their paralogs, as woul 
be expected for recent duplication events (Fix, 
2). The remaining 20 insertions were mostly 
Under 20 kb, with 17 consisting of retrotrans- 
pposons Manking a small segment of putatively 
transposed sequence, sugwesting transduction, 


The insertions account for roughly one-half of 


the & Mb (8) of human-specific sequence 
estimated from comparisons of human and 
chimpanzee genome assemblies, but only a 
small faction of the 37 Mb of human-specific 
sequenice estimated on the basis of whole 
‘genome shotgun-read analysis (20), 

‘To further substantiate the insertions, chim- 
pantage and rhesus BAC and fosmid clone end 
sequences with mappings that span the inser 
tions were identified, Chimpanzee or rhesas 
clone ends that map onto the human genome at 
1a distance significantly greater than expected 
based on the distribution of the clone insert sizes 
suggest that an insert has occurred in the human 
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relative to the other species. OF 64 insertions, 22 
were spanned by both chimpanzee and rhesus 
clones and 24 by clones trom only one of the 
species with a mapping distance significantly 
longer than expected. 

A total of 22 of 130 (17%) breakpoints 
‘occur on the X chromosome, which comprises 
‘only 3% of the genome. This highly significant 
enrichment (= score > 6) is consistent with a 
threefold enrichment in breakpoints in X 
tected in shesus-human comparisons (13) and 
contrasts both with the significantly lower base 
pair-level divergence of the primate X chromo- 
some as compared to the autosomes (2/-23) 
and with the conservation of the eytogenctically 
detectable structure of the X chromesome in 
primates. 

We identified $8 genes affected by insertions 
(table $8), including 36 gene copies fully 
contained within insertions. An additional 22 
genes were citer partially duplicated or con- 
tained an insertion. OF the 36 fully duplicated 
eres, 7 were previously identifial as human- 
specific (20). 


To detemnine whether the detected human- 
specific rearrangements are fixed in all humans, 
‘we identified overlaps between the rearrange- 
‘ments and structural variants from The Centre for 
Applied Genomics (TCAG) Database of Ge- 
nomic Variants (24). Othe 130 rearrangements, 
‘33 overlapped with at east one polymomphism on 
the basis of coordinates, We also randomly 
selected 100 sets of 130 genomic locations, 
‘matching the genomic triangulation detected re- 
arrangement sizes, and identified overlap with 
the TCAG database, On average, only 28 random 
locations overlapped with polymorphisms. This 
1.9-fold ($3/28) enrichment in polymorphisms in 
the detected set as compared to the random set 
suggests that a significant fraction of rearrange- 
ments are structural alleles that are either 
polymorphic, and hence not fixed, in all humans 
for else are sites of recurrent rearrangements, 
Genomic triangulation clearly mimics the 
overlap and layout stages of the overtap- layout 
consensus genome assembly method (25), but 
the two methods differently employ abductive 
(hypothesis generating) and deductive inference, 


Pairwise Gapsets 


Ancestral Gapsets 


Fig. 1. Detection by genomic triangulation of a human-specific breakpoint induced by an insertion. 
In the example shown (left), blockset construction revealed one long conserved block for a chimp- 
rhesus comparison. However, blocks from human-chimp and human-rhesus blocksets align except 
for a gap, which suggests that there has been a human-specific insertion. This is further illustrated 
by the pairwise gapsets. Pairwise blocksets and gapsets between extant species are represented by 
primary colors (red, blue, and yellon) and those between an extant species and the ancestor are 
represented by complementary colors (purple, green, and orange). Gapsets are represented as gap 
maps, with white circles representing gaps and circle coordinates indicating sizes ofthe gaps in specific 
‘genomes. Gapsets on the left indicate breakpoints in human-chimp and human-rhesus painvise 
comparisons due to the human breakpoint. Ancestral gapsets on the right indicate the breakpoint 


bebreen human and the ancestor. 
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Fig. 2. Humanspecitic 
breakpoints. (A) Chromo- 
some ideograms of 130 
human-specific break- 
points detected by geno- 
mic triangulation, with 
breakpoint counts by 


chromosome. (B) Gap 
map with ancestor gap 
lengths on the xaxisand 19,9 


human gap lengths on 
the y axis. Only gaps 
‘greater than 10 kb in at 
least one of the genomes 
and smaller than 4 Mb 
‘were considered. Some in- 
sertions acu to the right 
of the y = x axis because 


B 
1 141+ = 
a 
hs ak 
hh vty. 


visual inspection revealed 
inaccuracies in gap sizing, 
providing evidence for 
human insertion, (C) Size 
distibution of detected 


human-specifi insertions. 
The percent identity of 


segmental duplications 


«can indicate the approxi 


mate age of duplication 


events, 
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First, because the fragments of an ancestral 
‘genome cannot be sequenced directly, they are 
inferred abe in the blockset construction 
step. In other words, each block of similarity is 
‘explained by hypothesizing that a corresponding 
fiagment was present in the ancestral genome. 
Second, the fragments are not assembled into 
ancestral scaffolds abductively as in genome as- 
sembly, where read fragments with similar se- 
‘quences at their ends are assembled into a contig 
Under the hypothetical assumption that their sim 
ilatity is due to their origin from overlapping 
‘genomic loc, Instead, the ancestral threading step 
infers the ancestral genome structure deductive 
ly fiom block overlaps in assembled genomes of 
extant species. In contrast to the contiguous 
ancestral region (CAR) building method (26), 
\hich refies solely on alignment nets between 
assembled genomes, xenomic triangukition inte- 
‘grates assembly anchoring data with clone end 
sequencing and physical map information, thereby 
reducing problems associated with draftquality 
assemblies. CAR can detect inversions, trans- 
locations, fissions, and fission larger than SO 
kb in length but is insensitive insertions and 
deletions detectable by genomic triangulation, 
‘The yenomic triangulation method introduces 
the gapset, a key concept complementary to that 
of a blockset (/2), Gapsets provide a means of 
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tracking breakpoints, which cannot be adequate- 
ly expressed using blocksets. A gapset opert- 
tionally defines breakpoints under minimal 
assumptions, thus helping to integrate genon 
information from muiple sources. Ancestral gy 
‘sts localize breakpoints both by position, by 
flanking blocks within a genome, and phyloge- 
netically, by assigning them w a specific branch 
of a phylogenetic tree, thus providing maximal 
information for the reconstruction oF evolution- 
ary changes in genome structure, 
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Mobile DNA in Old World Monkeys: 
A Glimpse Through the Rhesus 


Macaque Genome 


Kyudong Han,'* Miriam K. Konkel,** Jinchuan Xing,"*t Hui Wang,** Jungnam Lee,* 
Thomas J. Meyer,’ Charles T. Huang,” Erin Sandifer,’ Kristi Hebert,’ Erin W. Barnes,” 


Robert Hubley, Webb Miller,? Arian F. A. St 


? Brygg Ullmer,* Mark A. Batzer't 


The completion of the draft sequence of the rhesus macaque genome allowed us to study the 
‘genomic composition and evolution of transposable elements in this representative of the Old 
World monkey lineage, a group of diverse primates closely related to humans. The L1 family of 
long interspersed elements appears to have evolved as a single lineage, and Alu elements have 
‘evolved into four currently active lineages. We also found evidence of elevated horizontal 
transmissions of retroviruses and the absence of DNA transposon activity in the Old World monkey 
lineage. In addition, ~100 precursors of composite SVA (short interspersed element, variable 
number of tandem repeat, and Alu) elements were identified, with the majority being shared by the 
common ancestor of humans and rhesus macaques. Mobile elements compose roughly 50% of 
primate genomes, and our findings illustrate their diversity and strong influence on genome 


‘evolution between closely related species. 


Ad World monkeys (OWMs) represent 
O: of the most heelys 
groups to humans. The rhesus macaques 
(Macaca mulatta, along wit other OWMs, have 
been extensively used in biomedical studies (7). 
An improved understanding of their genomic 
architecture could hold important implications 
for medicine, evolutionary understanding, and 
beyond, Similar to the human and chimpanzee 
xenomes, roughly SO% of the rhesus micaque 
ome Cons aious repetitive sequences 
(2-H, The majority of these repeats are mobile 
‘elements, which ean be divided into class IDNA 
transpasonis (5) and class Il retrotransposons (6) 
Related transposable elements are further cat- 
‘egorized into families, with each Family: father 
classified into subfamilies on the basis of their 
sequence relationships. The insertion of mobile 
‘elements can alter gene expression (7), generate 
_zenomic defetions (), and even ereate new genes 
and gene families (9). Existing repetitive elements 
‘can also mediate recombinations between similar 
‘elements at different genomic locations (ectopic 
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recombination) (J) In addition, the GC-rich 
nature of certain mobile elements tex, Al and 
SVA [short interspersed element (SINE), variable 
number of tandem repeat (VNTR), and Alu) 
elements} can introduce new GC islands through 
their insertion (3), Despite the overall similarity 
retrotransposon mobilization activity in the OWM 
and hominoid (human and ape) lineages, mobile 
elements have continued to evolve independently 
in both lineages. Close examination of the overall 
mobile-cement composition in OWMs, with the 
rhesus macaque genome wed as a reference, 
allows an understanding of their lineage-specific 
‘expansion and illustrates their overall contribution 
to genome evolution. 

‘Without any detected lineage-specific copies, 
DNA transposons, which mobilize through a cut- 
and-paste mechanism, appear to have been in- 
active in the thesus macaque lineage since their 
speciation from humans. The paucity of DNA 
transposon mobilization in mammals, and in 
amniotes in general, is noteworthy by compari- 
son with other onganisms (c.g, plants) and may 
result from the relative difficulty in horizontal 
transfer into animals’ germ lines (11). 

Similar to the human genome, the rhesus 
macaque genome contains over half a miltion 
reongnizable copies of endogenous retrovinises 
(ERVs) and their nonautonomous derivatives, 
With the great majority being present or fixed 
‘before the hominokd-OWM split (/2). We found 
evidence for at least eight instances of horizontal 
transmission of ERVs in the OWM lincage 
resulting in 2750 extant copics (table SI and 
SOM Text), This is much higher than in the 
human lineage, where there is evidence for only 
‘one oF two invading elements leaving fewer than 


10 extant copies (73), Five of the eight horizon- 
tally transmitted ERVs belong to class I retro- 
Viruses, and the remaining three belong to class Ul 
retroviruses (shown in red leters in Fig, 1), Apart 
fiom these new invasions, at least seven ERV 
familics already entered the genome before the 
hhomninoid-OWM split and remained active after- 
‘wand. There are over 3500 copies of these ERV 
subfamilies in the OWM lineage, similar to the 
‘numberof lincage-specific ERV copies in humans, 
The LIPA (primate A) family of long intr- 
spersed clements (LINES) represents the dominant 
active LI fineage throughout primate evolution. In 
ur amilysis, LIPAS was the most commonly 
reoovered LI subfamily, and ~19,000 LIPAS 
laments specific to the OWM lineage were 
‘entified in the thesus macaque genome, Mast 
Of these elements represent insertion events 
cecurad along the OW lineage lealing to rhesus 
macaques and are therefore present in multiple 
OWM species (fig. S2). A total of 32 OWM- 
spevitic L1 subfamilies were identified with the use 
(of diagnostic substitutions present in these le- 
‘ments (table $2), To investigate the relationship of | 
Lis, we consincted a medianjoining network 
‘with their consensus sequences (Fig, 2 andl SOM 
‘Text) and estimated the age of each subfamily 
(table S2), The network. results indicated that the 
OWM-specifc LI lineage toed with the LIPAG 
consensus sequence, and several incages roughly 
followed a sequential order, with fie overlap in 
their amplification period. The sequential evolution 
of LI ckements appears to follow a general trend 
soon in mammalian Lis (14) and may result from 
amplification competition between two distinct L1 
lineages (15), Altogether, we identifial nine pu 
tative retrotransposition-competent Lis it the 
thesus macaque genome, and they belonged 10 
the LICER3 or LICER-4 subfimilies: each LI 
subfamily name is identified by “CER” (hich 
stands for Cereopithecidac, indicating the origin of | 
the consensus sequence) and an Arabic: numeral 
indicating its lineage (/2). Nine was a considerably 
Jower number of potentially active LI elements 
than that in the human genome, which hiss 80 t0 
100 active copies (76), Nevertheless, itis likely that 
additional retrotranspesition-competent LI ele- 
‘ments will be recovered in more refined drafts of 
the thesus macaque zenome. 
Retrotransposon-medited DNA sequence trans: 
duction is a process whereby a retroanspescn 
caries flanking genomic sequence during its mo 
bilization that can result in exon or gene duplication 
(U7) Thnce LI clements with $ transduced exon 
sxived sequences were identified in the tests ma 
aque genome. Moreover, detailed analysis indicate 
that one ofthe three msertions aecumed in an exon of | 
another gene (table S3 and SOM Text). These three 
ents empincally demonstrate that exon-derived 
sequences can be transfered via S* L1-mediated 
transduction within primate genomes and that $* 
transduction constitutes a second mel 
retrotransposon-mediated “exon shutiing.” 
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Fig. 1. Phylogenetic tree of retroviruses based on full-length Pol proteins. Common infectious 
retroviruses and endogenous retroviruses, present in fish, birds, mammals (nonprimate), and 
primates, were included in the analysis. Color identifications for each group are shown in the upper 
right corner. Asterisks and circles show deep-rooted branches with >95 and >75% bootstrap 
values, respectively. The ERVs identified in this study that invaded the OWM genome horizontally 
(je,, through external germline infection) are indicated with red letters. For all ERVs shown in blue 
letters, the original insertion occurred in the common ancestor of humans and thesus macaques 
(ie., vertically) and is present in both genomes. All ERVs indicated with blue letters also generated 
Trew insertions in the OWA lineage. The scale bar indicates 10% divergence in the amino acid 
sequence. 


Fig. 2. Median-joining network of OWM-specific L1 subfamilies. Subfamilies are represented by 
circles, with the circle size symbolizing the relative size of each subfamily. The length of the lines 
corresponds to the number of substitutions. The scale of a single substitution is shown in the upper 
left corner. Broken lines indicate segments not drawn to scale. Gray circles represent the sub- 
families belonging to the LICER-3 lineage, which include an 18-base pair (bp) duplication in their 
3” untranslated region (3'UTR), and green-edged circles contain intact full-length L1 elements. The 
dashed line and red arrow represent two altemative pathways for the origin of the LICER-4 
subfamily. The subfamilies in the blue and pink ovals share the same diagnostic mutations but do 
not share the 18-bp duplication. ay, million years. 
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Al clements are the most successful SINES in 
Primate genomes (/8), nd ~110,000 Al insertions 
are specific to OWMs Fourteen different OWM 
Fincage-specific AluY subfamilies fell into tour 
lineages, shown in a median-joining network 
analysis (Fig. 3), and were identitied with estimated 
copy numbers (lable $4). All subfamilies were 
cotimated 10 have originated ater the hominoid- 
OWM divergence and were congruent with our 
hylogenetic analyses showing that all of these lt 
subfamilies were restricted to OWMs (SOM Text). 
The simultaneous retwtransposition activity of 
smultple Alu subimiics 
thurman genome, and theaetivty of 
genes” may have contributed to the amplification 
ssxccess of Av elements despite theirreliance on Lt 
‘enzymatic machinery for mobilization (19), 

‘About 100 pracursors of SVA were identified 
in the rhesus macague genome, The variable 
‘number of tandem repeat (VNTR) regions of these 
elements share >? identity with the VNTR unit 
in hominoid SVA elements (20), although they 
have no sequence homology with other compo 
nents of SVA elements, Thus, these elements ap- 
Pear to have contributed a portion of the genetic 
‘material required to form the SVA. compesite 
‘etrotranspason family in hominoids, The majority 
fof these elements are shared between human and 
rhesus macaque, indicating that these elements 
‘were active before the divergence of hominoids 
and OWMs, The low number of fineagespecitic 
cements (-20 in the OWM fineage) suggests a 
Very Jow retrotransposition rate of SVA precursor 
lements aver the past 25 million years 

Composing nearly half of all sequenced 
primate genomes, mobile ckments especially 
retvoiransposons— are major components of o> 
‘somnic variation anda diving force of primate 
evolution. Although the overall number of mobile 
ements is similar in the human, chimpanzee, and 
rhesus macaque genomes (2-4), a ange fraction 
‘of the elements inserted independently into dif= 
ferent locations within each genome and thus 
shaped the genomes differently (27). Whereas 
most retotransposon insertions remain neutral 
the genome, many insertions can have deleterious 
<flocts of varying severity. Mobile elements can 
cause genstic diseases not only by direct gene 
disruption or by the deletion of exonic sequence 
upon insertion but also by mediating subsequent 
recombination between existing retroransposons. 
Indsed, more than 118 human genetic disorders are 
caused by retrotransposons, including hemophilia 
B, breast cancers, and congenital muscular dysto- 
phy [see (22) and (23) for reviews]: they are likely 
tw hayeasimilarimpact on the rhesas genome. Yet, 
retrotransposons are aso responsible for creating a 
\ariety of genomic noveltis. They are involved in 
‘mediating gene duplication, exon shullling. and 
RNA-cditing-mediated exonization (9, 17, 24). 
Al these mechanisms can contribute to new we 
formation, as well as potentially aliering DNA 
methylation pattems and contributing to X.chro- 
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Fig. 3. Median-pining network of 
OWN-specific Alu subfamilies. Sub- 
families are represented by circles. 
The lenath of the lines corresponds 
to the number of substitutions, and 
the scale of a single substitution is 
shown in the upper left corner. 
Broken {ines indicate segments not 
drawn to scale, Gray circles repre- 
sent all subfamilies belonging tothe 
AluYRb tineage containing 3 12-bp 
deletion, Red-edged circles denote 
the youngest Alu subfamily within 
each lineage, and the blue-edged 
circle indicates the AluY subfamily 
consensus sequence, 


mos vation in females (25. 26), In 
addition, retotransposons provide highly valuable 
genetic systems for primate population and 
Phylogenetic studies, because they have a known 
ancestral (ic insertion-absent) state, and the 
chance that the same type of element: would 
inegrate at precisely the same location in multiple 
ndividuals is essentially zero (ie, the insertions 
are identical by descent) (27, 28), Ahogether, 
tunderstanding the mebileckement landscape in 
primates is not only important for biologists but 
also erucial for biomedical researchers. using 
Primate animal models 
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Demographic Histories and Patterns 
of Linkage Disequilibrium in Chinese 
and Indian Rhesus Macaques 


Ryan D. Hernandez, Melissa J. Hubisz, David A. Wheeler, 
Betsy Ferguson,* Jeffrey Rogers,® Lynne Nazareth,? Amit 


David G. Smith,*> 
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John McPherson,? Donna Muzny,? Richard Gibbs,’ Rasmus Nielsen,” Carlos D. Bustamante™* 


To understand the demographic history of rhesus macaques (Macaca mulatta) and document the 
‘extent of linkage disequilibrium (LD) in the genome, we partially resequenced five Encyclopedia 

‘of DNA Elements regions in 9 Chinese and 38 captive-born Indian rhesus macaques. Population 
‘genetic analyses of the 1467 single-nucleotide polymorphisms discovered suggest that the two 
populations separated about 162,000 years ago, with the Chinese population tripling in size since 
then and the Indian population eventually shrinking by a factor of four. Using coalescent simulations, 
‘we confirmed that these inferred demographic events explain a much faster decay of LD in Chinese 
(? = 0.15 at 10 kilobases) versus Indian (? ~ 0.52 at 10 kilobases) macaque populations. 


hesus macagues (Macaca mulatta) avd 
humans shared a most recent common 
ancestor (MRCA) ~25 million years ago 
(Ma), and our genomes difler at 7% of nucleotide 
bases (7), Rheses and humans, therefore, share a 
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Farge number of fundamental biological character- 
istics, including many underlying genetic and 
physiological processes that lead to disease. For 
this reason, chesus macaques have become a model 
‘organism for vaccine research (2, 3), as well as 


studies of nonnal human physiology ancl disease 
Although previous studies of genetic variation in 
thsus have described >300 microstellite poly= 
‘morphisms (4 5), identifying specific wenetic risk 
factors for disease requires a much greater 
resolution of genetic variation across the genome. 

The current geographic range of rhesus ma- 
caques is langer than any other nonhuman pri- 
‘mate, stretching from westerns Ilia and Pakistan 
to the castem shores of China (Fig. 1), Fossil 
rooonds suggest thatthe genus Macaca originated 
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in northem Africa approxima Ma, fol 
owed by migration through the Middle East and 
into northern India by ~3 Ma (6). By ~2 Ma, ma- 
caques had traversed most of China and reached 
the Indonesian archipelago, where the putative 
ancestral species of rhesus macaque, M. fascia 
Jars, is thought to have originated (6, 7). 
Previous studies of mitochondrial DNA (8), 
inajor histocompatibilty complex (MHC) alles 
(Y), and single-nucleotide polymorphisms (SNPs) 


(@ Suzhou, China (0=7) 
‘Guandong, China (n=!) 
Kunming, China (0=1) 

© Urrar Pradesh, India (n=2) 

© Kashmir India (v=) 
‘unknown, india (732) 


in yone-finked regions (0) suggest moderate kvels 
(of genetic differentiation between captive-bom 
Indian and Chinese shesus populations. De- 
veloping a more thorough understanding of genetic 
‘variation within and between these two populations 
has important implications for biomestcal research. 
For example, when infected with the simian im- 
munodeficieney virus, animals from Chinese 
Populations develop ALDSclike sympioms. mare 
slowly than animals from Indian populations (3), 


Fig. 1. The current geographic range of rhesus macaques (green, redrawn from (20)) with the 
inferred demographic history and the sample locations superimposed. The geographic location of 


the MRCA is based on (4). 


| Chinese (S=1090) 
im SNM Exp. 
Indian (S=872) 


123456789 
frequency in sample 


2 4 6 8 
frequency in China 


Fig. 2. (A) The marginal frequency spectrum of derived mutations for each population (shown as 
‘expected proportions in a subsample of 10 chromosomes by integrating over possible configurations of 
“observed and missing data, with the total number of SNPs in parentheses) and the expected distribution 
tunder the standard neutral model (SNM) of constant size. (B) A “topographical map” of the joint site 
frequency spectrum for the two populations, with darker tones representing frequency pairs with few 
‘SNPs, and lighter tones representing frequency pairs with many SNPS. 
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We have identified 1476 SNPs by sequenc- 
ing >150 kb of DNA across five Eneyclopadia of | 
DNA Elements (ENCODE) (/-13) regions 
hoeated on separate autosomal chromosomes. in 
nine captive-bom from wild-caught Chinese and 
38 captivebom Indian thesis macaques. The 
Chinese animals derive fiom three distinct goo 
sgaphical sites, whereas the Indian animals came 
fiom three diflerent cokonies in the United Stat 
(Fig. 1). Individuals were chosen 10 represent 
shesus macaque populations that are currently 
being studied by the intemational community and 
40 minimize relatedness in the sample [ith most 
individuals inthe study being unrelated back to the 
founding ofthe colony into which they were bom, 
and none having a shared grandparent (/3)}. tn our 
sample of 1476 SNPS discovered, only 486 (33%) 
‘were shared across both populations, whereas (M4 
‘were found only in the Chinese population (61% 
of 1090 SNPS observed) and 386 were found 
‘only in the Indian population (39%! of 872 SNPS 
observed). The frequency distribution of derived 
mnrtations across SNPS [using DNA sequence 
fiom the ENCODE project for baboon, Papio 
‘omoxcphales anus 0 infer the putative ancestral 
state (73)] shows that the Chinese population har- 
totsan exces of rare SNPS relative to. population 
cof constant size, whereas the Indian population has 
to few rare and too many intermediate and high 
fiequeney: derived SNPs (Fig, 2A), The observed! 
sisparty in SNP density (7.25 SNPS per kb for 
hinese versus 548 SNPs per kb for Indian) in the 
‘wo populations suggests thatthe eflective size of 
the Chinese population is: much larger than the 
Indian population, given that the Indian simple 
mates as Tange as that of the Chinese 
Ye observed a moderate evel of population 
sinucture between the Indian and Chinese samples, 
as measured by Wright's Fey statistic (average 
Fr = 0.14: SD = 0.11; range = -0.024 10 0,645) 
(Fig, 3A), Furthermore, the Bayesian clustering 
program STRUCTURE (/4) clearly: separa 
Chinese and) Indian individuals when assuming 
two clusters (Fig. 38), and considering more 
clusters does not significantly improve the fit of 
the model. We found only one Chinese individual 
‘with a marginal amount of Indian ancestry (8.5%, 
sampled fiom Suzhou) and eight Indian individ- 
uals with more than $% Chinese ancestry [max 
168% including animals from all three primate 
centers (/3)}. These low levels of admisture 
suggest that recurrent migration between the 
populations has been minimal, Moreover, the 
two populations were clearly distinguished by 
principal components analysis (5) along the first 
two axes of variation (Fig. 3C), Interestingly, the 
second component also separates one Chinese 
individual (sampled from Suzlvou) from the others, 
‘which suggests that further population sub- 
sSnucture may exist. Although this individual is 
‘not differentiated fiom other Chinese-origin ani- 
mals in the STRUCTURE analysis, it may, 
rnonathcless, harbor alleles. from 
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3. (A) The distribution of a + 
Fey between Indian and Chinese 
rhesus, calculated with the average 
pairwisedifference across each 
nonoverlapping window (13). (B) 2 
STRUCTURE results. Individuals are 
represented by vertical tines, and 
sorted by their amount of Chinese 
ancestry (black vertical line sepa- 
rates animals with Indian and 
Chinese origins). Colors correspond to the proportion of an individual's ancestry attributable to 
‘a given population (blue, indian; red, Chinese). (© Principal component 1 (PC1) and PC2 separate 2 > 
Indian from Chinese individuals. PC2 also isolates a single Chinese individual [corresponding to an 


ra irr ier} 


individual sampled from Suzhou and shown as the fourth individual from the right in (B). ° 
7 


Fig. 4. The decay of LD for Indian and 
Chinese rhesus macaques versus European 
‘and African humans (n = 9 for all samples), 
‘along with the decay of LD for 1000 neutral 
simulations of our inferred. demographic 
history for thesus macaque. Human data are 
from three ENCODE regions orthologous to 
the rhesus data (13, 21). 


Chinese subpopulation (i.e. the two wik-caught 
parents may be trom different subpopulations). 
‘Using masimnum likelihood under the assump 
tion that the animals in this study form a rankkor 
sample tiom their respective population (73), We fit 
4 Wo-population demographic model to the joint 
distribution of SNP frequericis, oF sitefrequency 
spectrum, shown in Fig. 2B. Our model suyests 
thatthe Chinese population expand by a factor 
‘of 33 and separated fom the Indian population 
~162 thousand years ago (ka) (95% confidence 
interval, CL 183 t0 132 ka), Aer separating, the 
Indian population maintained its ancestral popula 
tion size until ~S1 ka Cl-= 7210 21 ka), when it 
‘was reduced by a. factor of 43. The population 
‘genetic mode, although avery simplistic approx- 
imation 10 the rich and complex. history of the 
species. fits the data well, as indicated by a 
oodnes-oFfit test (P = 0.133), Coakescent 
simulations (/3) on the basis of the infemed 
demographic history for Indian and Chinese rhesus 
macaques suggest that the MRCA of the two 
Populations lived ~194 Ma (SE 14 Ky). This 
‘estimate places the MRCA of rhesus near the di- 
vergence time from M. fascieulars, inferred from 
mitochondrial DNA to be 1.83 10 5 Ma (16, 17) 
Moreover, our simulations sugvest thatthe eflce- 
tive size of the ancestral population of rhesus 


13 APRIL 2007 VOL 316 SCIENCE 


art 


12 5 1 2% 8 10 200 500 


distance (kb) 


macaques was ~73070 (SE 231) individuals, 
implying that the current effective size of the 
Chinese population is ~239,704, whereas the 
Indian population is estimated to be ~17,014. 
The recent demographic events that caused 
these differences in effctive population sizes of 
Indian and Chinese rhesus macaques have also 
had a large impact on linkage disequilibrium (LD). 
‘To quantify the extent of LD in Indian and Chinese 
rhesus macaques, we measured the corrclation 
‘coetticient (77) of alleles from tiequency-matchad 
SSNPS (/3, 18), Figure 4 shoves substantial dle 
‘ences between the Indian and Chinese rhesus 
macaque populations, which are more extreme 
‘than the patterns observed among humans. For 
‘example, within the Indian rhesus population, LD 
extends much further than LD observed for 
European humans, whercas the Chinese rhesus 
population shows litle LD, even for SNPs that are 
physically very close, Coalescent simulations (/3) 
show that the observed pattems of LD are 
‘consistent with our inferred demographic history 
of this species (shown in Fig 4 as light blue and 
pink curves for Indian and Chinese rhesus, 
spectively), However, LD in the Indian popula- 
tion extends slightly further than expected. This 
‘observation may be consistent with recent admin- 
ture with a Burmese rhesus population not sam- 
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d 
swwte Paes 
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pad in this study (§), because admixture between 
Populations with allele frequency diflerences is 
known to generate long-range LD. 

In this study, we analyzed nonco 
shesus macaques to characterize their underlying 
demographic history and to quantify the estent of 
LD relative 1 humans. The genetic differences 
that we have observed between Indian and 
Chinese rhesus macaques are consistent with a 
recent report on the distribution of SNPS in these 
populations (/0), as well as previous studies of 
Frotcin coding, microsatellite STR (short tandem 
repeat), MHC loci, and mitochondrial and Y= 
chromosome DNA haplotypes (8), Without 
samples from wild-caught Indian rhesus monkeys, 
however, these data must be regarded as estima 
because they may reflect a sump 
those macaques that are available for study in the 
United States as a result of international restric- 
tions on exportation of primates. 

Extending these studies to whole-genome 
association mapping in captive-bor animals coukd 
‘be fut for identi ying genes involved in human 
dliseases: On the basis ofthe pattems of LD that we 
have observed, such an association study would 
likely require many fewer markers to identify 
common disease-causing variants in rhesus m= 
cagues than in humans. Because LD in captive 
Ingham rhesus macaque populations extends much 
fuer than in humans, a SNP map with roughly 
1 SNP every 35 kb (82,000 SNPS total) would 
sutlice © achieve the same threshold (r= O44) as 
a marker every 6 kb in humans (/3, 19), Furth 
‘more, because LD decays much faster in Chinese 
thesus monkeys than in humans, Chinese 
cagues provide an ideal platform for localizing 
‘mutations that are difficult to map in ether Indian 
‘macaques or humans as a result of extensive LD 
among. candidate mutations in a panicular region, 
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REPORT revealed that seven macaque/human homologs 


Evolutionary Formation of New 
Centromeres in Macaque 


‘Mario Ventura,** Francesca Antonacci,’* Maria Francesca Cardone,” Roscoe Stanyon,” 
Pietro D’Addabbo,” Angelo Cellamare,” L. James Sprague,” Evan E. Eichler,” 


Nicoletta Archidiacono,* Mariano Racchi*t 


‘A systematic fluorescence in situ hybridization comparison of macaque and human synteny 
‘organization disclosed five additional macaque evolutionary new centromeres (ENCs) for a total of 
rine ENCs, To understand the dynamics of ENC formation and progression, we compared the ENC 
‘of macaque chromosome 4 with the human orthologous region, at 6424.3, that conserves the 
ancestral genomic organization. A 250-kilobase segment was extensively duplicated around the 
macaque centromere, These duplications were strictly intrachromosomal. Our results suggest that 
novel centromeres may trigger only local duplication activity and that the absence of genes in the 
seeding region may have been important in ENC maintenance and progression. 


Volutionary new centromeres (ENC3) can 
ippear during evolution in a nove! chromo- 
ovmal region with concomitant inactivation 
‘of the old centromere. The new centromere then 
becomes fixed in the species while inevitably pro 
_gressing toward the complexity typical of a mature 
‘mammalian centromere, with inte and interchno- 
mosomal pericentrometic seemental: duplications 
sand. lange cone of satellite DNA (7). Unnrnbiguous 
‘examples of ENCs were initially reported in pri- 
nates (2) and then described in various other mam 
malian onders (3). A similar pheniomenen, well 
known foe clinical eases is the mitotic rescue of 
an aventric chromosomal fiagment by the oppor 
tunistic de novo emergence of a ncocenitemere (4) 
Recently, nwo cases of nencentromeres in normal 
individuals with otherwise normal karyotypes were 
foeuitously discovered (5, 6). These two “in pro- 
_gress” centromeres can be garded as ENC atthe 
initial stage, thus reinforcing the opinion that ENCs 
and clinical neocentromenes are two faces of the 
‘same coin, The goa! ofthe research presented here 


‘Deparment of Genetics and Microbiology, University of 
Bai, 70126 Ba, aly. "Department of Amal Boioy and 
Genetics, Univesity of Rorenc, Rvence $0125, aly 
Howard Hughes Medical iti, Deparment of Genome 
Sciences, Universty of Washington Schoo of Medicine 
Seat, WA 98195, USA. 

‘These authors contibuted equally to this work. 

{To whom corespondence shoud be addressed. Ema: 
fecha 


waww.sciencemag.orq 


was gain insight into the processes and mocha- 
nisms of ENC evolution, Firs, we systematically 
compared macaque and human synteny onganiza 
tion in search of ENC. Then, we charactenzed in 
detail a macaque ENC and compared it t0 the or 
thologous domain in humans, which represents the 
ancestral genomic structure before ENC seeding 
Mulicolor hybridization on rhesus macaque 
chromosomes [Macca mulatta (MMU) 2n = 
42, where 1 is the haploid number of chromo- 
somes} of about $00 evenly spaced human 
bacterial aificial chromosome (BAC) clones 


(chromesomes 65, 8%, 11/12, 17/13, 19/19, 2016 
and XX. respectively) were cotinear when the 
pesition of the centromere was excluded . How- 
‘ver, human chromosomes 7221, 14/15, and 2022 
form syntenic associations as part of three comm 
pound macaque chromosomes (3, 7, and 10, re- 
spectively). Diflerences in: marker order between 
mucaque and humans were accounted for by 20 
chromosome rearangements, Reiteraive fluores 
cence in situ hybridization (FISH) experiments 
‘with additional BAC clones more precisely d= 
fined rearrangement breakpoints (lable SI). A 
summary of all results is graphically displa 
at www.biologia,unibaitimacague. Tables: S2 
and S3 provide a comprehensive list ofthe ~600 
clones that were used in FISH experiments, from 
the perspective of both micague and human 
chromosomes, respectively 

This comprehensive markerender comparison 
revealed that the centromeres of many orthologous 
chromosomes were embeded in different genomic 
contexts. To distinguish whether ENC events hd 
‘eccurrad in the human er macaque ortholog or in 
oth, we took ino account previous reports 
atiempted 10 establish the anvestal fom for each 
chromosome (2,3, 6-15). (Most ofthese pers tse 
4 diflerent- macaque chromoscme nomenclature 
here we follow the nomenclature used! by the ma 
aque genome sequencing consortium. Far a com: 
parson, see wwwubiologiaunita iémacague) The 


Table 1. Macaque chromosomes with neocentromeres. The two noncontiguous positions defining, 
jn human, the ENC of chromosome 1 are due to the colocalization of the ENC with a macaque- 


specific inversion breakpoint. 


ai Position of the 
Clones neocentromere on the Reference 
(HSA) 
human sequence 
1a) R4-621015 ‘di:226,810,735-226,866,653 Present study 
RPLL-S72K18 ‘u:160,918,751-161,035,790 
20) RPLL-35SI2URPI1-418812 chr 3:163,822,353-168,707,155 ) 
46) RPIL-47409 di6:145,651,644-145,845,896 o 
12 (2q) —_—RPI1-343I5/RPI1-846E22 r2:138,659,884-138,908,673 Present study 
13.) —_-RPI1-722G17 2:86, 622,638-86,827,260 Present study 
14) —RPLL-625D10RPI1-661N13_chr11:5,667,339-6,043,020 (wo) 
15 (9) ——_-RP1L-S42K23/RP11-64P14 ‘dir9:124,189,785-124,493,134 Present study 
17 (13) —RPLL-S43AL9IRPLL-SZ7NIZ —_chr1361,111,769-62,699,203 ) 
18 (18) __RP11-61D1/RP11-289615 cir18:50,155,761-50,526,34 Present study 
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results of this anilysis confinned the previously 
published result and exposed five macagjus ENC 
(Fi. 1 and Table 1) n total between macaque and 
human, there are 14 ENCy; 9 ENCs occurred in the 
macaque lineage [MMU (1, 23).4 (6), 12 2g). 
13 (2p, 14 (11), 15, L703) and 18 (18) (come- 
sponding human chromesomes in parentheses) 
and $ occured in the human lineage [HSA3 (2), 6 
4), 114), 14 (7a), and 1S (7b) (comeponi 
macaque chromosomes in pareheses), where HSA 
denotes Homo sapiens), The newly discoveral 
macaque ENCs were found on MMUL (1), 12 
(2g), 13 ph, 15 (9), and 18 (18) (comesponding 
hhuman chromosomes in parentheses). tn this 
II macaque centromeres, including the 
nine ENCs, harbor very large arays of alpha 
satelite DNA (/6) (fig. St). One possibility is 
that after their emergence, new macaque een: 
tromeres were rapidly stabilized by acquirin 
alpha satellite DNA, 


Human chromosome 6 and the macaque 
homolog. MMU4, both have ENCs, The ancestral 
centromere for both species was located 

HSA6p2.1 (9) (Fig. 2), and the new macaque 
centromere is located at HSA6924.3. A compar- 
ison of the HSAGQ24.3 region [che6: base pair 
139,100,001 1 149,100,000; University. of 
Calitoraia Santa Cruz (UCSC) March 2006 
release] with the omhologous regions of do 
L. mouse, and opessum genomes, by careful 
inspection of the specific alignment “Net” in the 
UCSC genome browser (http:/eenome.uese 
edu), showed that a reasonable assumption was 
that the human region closely resembled the 
ancestral condition. We reasoned that a detailed 
comparison of the organization of the MMU 


nization of the human counterpart at 6424.3 
ht allow us to examine hypotheses of the 
of ENC, 


tion and progress 


HSAIS 


C) 
ope 
7 
at 


MMU7_HSA14 


Human BAC RPI-47449 (L2 in Fig. 2) map 
ping at chif:145,651,644 to 145:845,896 yielded 
an apparently spliting signal around the MMU 
centromere (9), Itwas therefore considered to be the 
Probable seeding point, and the FISH analysis of 
flanking makers was consistent with this conclu 
sion (Fig. 3). The construction of a BAC contig 
spanning the MMUS centromere started, therefore, 
five the L2 locus and is reported in detail in the 
ssuppovting online materi (SOM) text. To briefly 
‘summarize this constuction, appropriate human 
sequence tagged sites (STSs), mapping. within 
1 megahase fiom both sides of the MMUS cen- 
tremere, were used to screen high-density filers of 
the macaque BAC library CH2SO, 
1 tps hacpac chorion), FISH 
BACs showed that some of them were duplicated 
cn bath sides of the MMU4 centromere, The 
sequencing of BAC ends and of appropriate poly 
‘merase chain reaction (PCR) products and FISH 


MMUI3_HSAZ MMUI4 HSAIT 


MMUIS_HSA9 


MMUI7_HSA13 


to Be 
> 1 B8 


MMUIB HSAIS 


Fig. 1. All macaque (eft) or human (right chromosomes harboring ENC. 
Quinacrine mustard banded macaque (eft) and human (ight) chromasomes are ako 
displayed. Details are reported at wiv biologiauniba.iumacaque. Some macaque 
‘chromasomes are shown upside down to facilitate comparison in accordance with 
the orientation in the whole-genome assemblage. The Ns in red circles flank ENCS; 
the AS in black circles flank ancestral centromeres. Synteny block conservation 5 
indicated by the color. The arrows on the let of some macaque synteny blogs 
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indicate that these blocks have opposite sequence polarity, with respect to the 
‘comesponding block in humans. These annotations, obviously, are affected by the 
upside down position of some chromosomes. The Human Genome Project has 
assumed 25 “+” sequence polarity the 5'>3" stand that starts from the tip ofthe 
short arm of each chromosome. The assumption that centsomeres were conserved 
leads toa violation of this rule for macaque chromosomes 1 (1,2 (3), 4 (6), 10 
(20722), 13 (2p, and 18 (18) (coresponding human chromosomes in parentheses) 


wwwsciencemag.org 


experiments on stretched chromosomes (Fig. 3D) 
allowed for defining the 


construction of a cont 


duplicated pericentremeric region. In_ sum 
seven imperfect copies of a 250-Kb segment, 
mapping atthe seeding point, were duplicated both 


proximally and distally to the MMU centrom 
The global tiling pat and the detailed 
of the central duplicated region are shown (Fig. 4, A 
and B). Duph appear to be covoricntd 
\with respect to each other and to 
quence assembly. Unexpectedly, ah 
of BAC ends of duplicated clones were alphoid 


Hed 


in nature (30 out of 46), These alphoid sequences 
showed a monomeric structure that is typical of 
peripherally located alpha satellite sequences (table 
SS). Small, repeated inv 


jons in the duplicated 
regions might be hypothesized to account for these 
findings. This hyporhesis, however, clashes with 
the apparent comorientation of the duplicated blocks. 

Data from human pericentromeric re 
shown that the + 
chromosomal duplications is about 6:1 (J). We 
td that duplications of the ENC 
17 (human 13) were 


prev 
fof macaque chromexome 
intrachromosomal only (3), but inv that ease only 
human probes were used, which precluded any 
firm conclusion on the absence of interchromoscen 
al duplic show that the 
MMU pericentromeric duplications detected. by 


FISH were strictly intrachromosomal and origi 
nated only fiom the ENC seading point, We have 
also shown that centromeres of human chromo- 
somes 3, 6, 11, 14, and 15 are ENCS (6, 9-10). 
Chromosomes HISA3 and FISA6 match the patter 
wwe found on MMU, whereas human clrome 
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Fig. 2. A reconstruction of chromosome 6 evo- 
lution in primates [modified from (9)]. The letters 
indicate the specific BAC clones used inthe study (9) 
and reported in table $9. PA, primate ancestral; CA, 
Catarthini ancestral; and A.C, ancestral centromere. 
The letter Nin a red circle represents a novel centro- 
mere. A square bracket encompasses the Old World 
monkey-specific (macaque included) inversion of 
KLM markers, with respect to the human form. 
MUS is upside down, with respect to the correct 
Position as reported in Fig. 3, to allow for an easy 
synteny comparison. L2, human BAC RP11-87449, 
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ad 15 accommadate lange blocks of 
(A careful 
the evolutionary history of the latter 


ntal duplications 


somes 11, 14a 


interchromosomal duplicatio 


analysis 0 


pasomes, honvever, showed 


chro vey 
likely that k 
were already present or simultaneously seeded in 
the ENC ry be 
hypothesized that a novel centromere tri 
local duplication activity, wheras interchromeso 
ae trigacred by distinct forces, 


blocks of se 


). It could there 


crs only 


al duplications 

probably linked 

sequences (/7, 18). However, until further eases are 
the dpi 


0 intrinsic Properties of specific 


studied we cannot nile ms we 
detected on MMU are simply 1 


aque-speciti, 

The eorrespondiny on in prowiity 
to the L2 marker was investigated for kent 
A relatively large region (780 kb) harboring. the 
MMUS centromere has not bee annotated in the 
UniProt, RefSeq, and GenBank mRNA d 
The two closest opposite sides, UTRN 
(hi:144,6S4,688 w 145,200,657) and EPM2A 
(Chu6145.988,133 0 146098299), ane 778 kb 
apart. Heterochromatin supposely siknces embed 


dod genes U9), Genes ma 


ping to regions when 
‘occurred might be a risk 
wts have indicated that a 


centromere repent 


but recent rep 


itself does not repress: gene 


expression (20-22) mnight be 


We sucoossive Heterochromatization of 


attributed to 
the 


The average gone content in the hurn 


nome is about | gene per 100 kb (\www.nebisalm. 
v), Human chromosome 6 contains abut 


31 kb (23). 


Consequently, six genes would be expected in 


the 778kh gonodesert anca, A similar genc-desert 


area was also found around the ENC of the Old 
Work! monkey chromosome homologous 10 hu 
man chromosome 13. (3). Our data appear 10 


support the hy 
the ENC sex 
in ENC mai 
adkitional ENCs and their coresponding regions in 


the human gence will be required to determine 


Whether this isa stochastic occurence or whether it 


represents a prerequisite for novel centromere 


survival, Thi initially a 


hypothesis pears 10 be 


Fig. 3. (A to © Partial 
metaphases showing ex- 
amples of ASH exper 
ments on macaque and 
human chromosomes, 
with the use of the non- 
duplicated BAC clones (A) 
CH250-20915 and (8) 
H250-215i15 and the 
duplicated clone ( 
25028424, (Mapping 
details are given in Fig. 4 
‘AandB) (D) Partial meta- 
phases showing FISH on 
stretched chromosomes 
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by the presence of active 
re xe chromosomes § (24) and 3 (25). 
However, Nagaki et al. and Yan et al. suggest that 


contradicted genes at the 


these two rice centromeres may represent ENCs 
are sill acquiring the full: heterochromatic 
nization that is typical of normal centromeres, 


and the analysis of the flly sequenced Arabidopsis 


iscnome strongly supports the view thatthe absence 
uae expression in centromeres is also a general 
rule in plants, Alicmatively, it could be hypothe- 
siaed that the hetcrochromatization process pushes 

0 pericentremic regions, 


the sunounding 


without aflecting their expressic 


Ferreri er al. (26) reviewed the various 
hypotheses formulated to explain ENC and 


rence. One hypoth 


clinical-neoventromere em 
sis proposes that the centromere seeding event is 


cescentally cpigenctic in nature and is sequence 


independent (27), Another hypothesis considers 
the seeding regions to be domains with inherent 
centomeneforming potentiality (17, 28), A 


J hypothesis 


st that rearrangements 
psocentromere seeding throxgh chromatin rept 


teming (11), Roizes (29) has suggested that dam. 


ge toa centromere, like rcropasan insertion, coud 
Irwger the emengence of evolutionary neoecrin- 
mens 

An unexpected finding is the high number of 
ENCs in recent human and Old Workd monkey 


All of these hypotheses consider clinical 
pmeres and ENC to be strictly relate 


volution. In the 25 million years since macaque 
and human divergence, 14 ENCs have arisen andl 
become fixed in either the human oe the macaque 
Tincage. [tis difficult to escape the conclusion that 
ENC had a considerable impact on shaping the 


Primate genome and that they are fundamental to 
‘our understanl senome evolution. Knowl 
edge of centromere repositioning, for instance, 
Provides a cogent explanation for the unusual clus 


tering of human clinical neocentromeres at 1525, 
the don 
(1), Despite their relevance 
teen identi 
alone. Indeed, the extensive pericentromeric dup. 
lication we report hats not been identificd in the 
macaque genome assembly, reinforcing the opinion 


1 of an inactivated ancestral centromere 
ENCs have never 


x! om the basis of sequence analysis 


with the use of the duplicated BAC clones CH250-188G18 (red) and CH250-67818 (oreen), containing 


alphoid sequences. The arrows indicate MMU. 
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Fig. 4. (A) BAC clone contig map of the MMU region coresponding to the HSA6 DNA segment from bp 
144,712,821 (ight to 146,765,547 (eft) (UCSC March 2006 release). Human and macaque STS (table S4) were 
used to screen high-density fer of the macaque BAC library CH250. Positively hybridizing BACs were then used in 
FISH experiments-on macaque and human metaphases, and a contig ting path ofthe BACs (blue segments) was. 
defined. The analysis discovered single and duplicated regions around the MMUS perientromesic region. The 
marker postions of the STSs in the human sequence are reported in the tp fine. STS in red are localized in the 
[MMU single-copy region; blue STSs markersare within the region that duplicated around the MMU centromere. 
This dupicated region silustrated in detain (8). Vertical red fines represent macaque STSs derived from BAC-end 
‘sequences The yellow vertical region represents a gap thats probably composed of sequences refactor to cloning, 
(B) Details ofthe BAC contig assembly of the duplicated percentromeri region of IMLS. FISH analjss of the 
macaque BAC clones indicated that dupicated blocks were present on both sides ofthe centromere. To futher 
characterize these duplicated pericentromeric regions, we sequenced and aligned appropriate STS-amplified 
products from different clones wth the MegAign software (32). The sequence analysis allowed forthe classification 
‘ofthe duplicated STSs and the BAGS into seven separate blocks three on the q arm (Dq1-3) and four 
‘on the p arm (Op1-4) (able $7. The top ble tine shows the mapping ofthe STS markers in human. The fist 
rnonduplicated STS, on both sides is shown in red. The MIU line depicts al ofthe STS that mere used in the sty, 
arranged according to their inferred poston in macaque. Macaque STSs derived from BACend sequences are 
‘show in brown. Dq2, Dq2, and Dq3 and Dp, Dp2, Dp3, and Dp indicate the duplicated subsets onthe qarm side 
(Ocrblock) and onthe prarm side (Dprblock) of the centromere, respectively. Some STSs are apparently missing in 
‘some blocs. Their postions are indicated by brawn arrowheads above the macaque SS line. The number of missing 
STSs is also indicated. Sequenced BAC ends ace represented by small rectangles tthe borders ofthe BACS. White 
and red diagonally striped rectangles stand for monomeric alpha satelite sequences; unfiled red rectangles stand 
for repetitive nonsatelite elements; and blue rectangles stand for single-copy sequences. The absence ofa rectangle 
indicates thatthe end sequencing fled tice. Sequenced PCR products of speci STS primes are represented by 
«colored cles. These sequences were used forthe casification of duplicated blocks The colored crs indicate TS: 
hose PCR products have been sequenced. Gieles related to the same STS are in the same color ony if their 
‘sequences are perfectly matched. A full description of the BAC contig assembly i reported in the SOM txt. 
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that an integrated, mubidisciptinary approach is 
needed for high-quality genome assembly and for 
‘comparative genomics (30). 

The present data extend the link between 
segmental-duplication bias and centromeres. to 
adltional primate species. The homology and shut= 
ling of sequences creates substrates for evolutionary 
innovation (the bith of new genes) and instability 
(via nonallelic homologous recombination), Lastly, 
the contig assembly we have constructed represents 
a framework for the complete sequencing of the 
Pericentromeric region of MMU ENC through at 
direct sequencing of BAC temples, as opposed! 10 
‘whole-gencme shotgun sequencing, 
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The Macaque Genom 


THE RHESUS MACAQUE (Macaca mulatta) facititates an 
‘extraordinary range of biomedical and basic research, and the 
ia . publication of the genome only makes it a more powerful mode 
Evol U lL 10 n for studies of human disease. Despite distinct differences, the 
|que genome mirrors our own in complexity and is 93% 


similar to humans, Because of the macaque's position relative t 


Positive Selection Across the Genome humans and chimpanzees, we now have a unique opportunity to 
GUNA SEICTON pcr ea i regs Ua at learn about the diverse evolutionary processes that we have 

Cin ny omar eS eect egret undergone since our primate ancestors diverged 25 million 
Cha pec Nmap pean TE Te PE years ago (Ma), Additional material is available online 


the macagt, human and cnpanee genres. Clr ete Cane Ong Oh ‘at www.sciencemag,org/sciext/macaqueposter/, 
Categorie. mage F Nay Hat on! Anions Moen fay Cage Mee 
fame Vna el Ue 


ane 
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Gene Evolution 
{THE UPPER PRUL SHOWS the anc sacar the 
SPAN gene, reflected nthe mouse, at, og. chimpanzee, 
and human genomes, ad the presence ot an adtona eon 
Inthe macaque genome. A macaque specie eget 
‘pation cated te copes ofan wx0m, which now as 
‘mutaly excuse alternatively piled forms. adtion, 
these exons appear Yo have experienced song pstve 
selection sine the platen The les pane 
‘hors at Hone of hee exons 9 af #4 ana 
2ilds differ betawen humans 3nd meager 
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A Symmetric Bipolar Nebula 


Around MWC 922 


P. G, Tuthill™ and J. P, Lloyd? 


he Be star MWC 922 has previously been 
"Tiss st ato th 
forbidden [Fe Il} in emission (/) 
and more recently the dust mineralogy and 
chemistry of its rich infrared spectrum (2). The 
distance to this object is unknown (it m: 
within the Ser OBI association at 1.7 kpe), as is 
fis evolutionary status (both pre- and postmain 
sequence have boen suggested 
Here, we report high angular resolution 
observations in the inffared H band made with 
the adaptive optics system on the 200" Palomar 
telescope [detailed further in (3), An image 
g the extended Red Squa 
rounding MWC 922 is given in Fig. 1 
with a hi 


stro 


nebula sur 
ther 


¢ that reveals 
underlying. struct nd a model 
describing the key features, The box-shaped X 
structure necks down into twin 
hyperbolic bicones separated by 0°34 a 


hpass filtered i 


‘elements 


center, where they are crossed by a 


equa 
dark band running nomtbeast to south west. Alon, 
the principle axis of symmetry (PA = 46°), a 
remarkable series of orthogonal linear rungs ap- 
"1 are sox (northwest bicone) 
M4 and 3" 


2 are sev (southeast 


and at 
bicone), Where the rungs meet the bicone sur 


faces, we find bright vortices that subtend an 
opening angle of 105° at the origin, 

Im addition, we have established the presence 
of a series of ra 

and appeatin 
ces between the second bright rung and the 
cege of the nebula. One possibility is that 
the comb may be the outcome of a projected 
ation effect as light from the central 


comb 


long both bicone 


we periodic structure 
een route to the outer bicones. An example could 
be sha im of 
mstellar disk, such as those believed to result 
avitational or other excitation of standing 
wave modes (), although high azimuthal onters 
(/~ 50) are required. 

Among the most notable properties of this 
nebula is the extent to which structures are 
refleetion-symmetric about the principle axis. 
This symmetry and finearity of the rungs implies 
that the viewing angle onto thi 
very close 10 90°. It seems likely that this. ap- 
pearance depends on this critical alignment, 
Whereas the regularity of form argues aj 
premain sequence identity. A weaker (although 
still notable) symmetry exists across the equator 
between structures in the northwest 


ss cast by “ripples” on the 


east bicones, with perhaps the largest departure 
being the axial displacement of the innermost 


which appears 2¢ 


19 


DEC (aresec) 


RA (arcsec) 


Fig. 1. MWC 922 from Palomar H-band adaptive 
‘optics imaging: (A) image at a logarithmic color 
stretch, (B) image data after Laplacian filtering to 
accentuate structure buch a5 edges; see (3) for 
deta], and (C) model skeleton structural elements 
fitted to the Laplacian filtered image. This model 
also depicts spurious linear features from imperfect 
‘mosaicing and charge persistence (blue) and bright 
neighboring stars (green), whereas real Red Square 
nebula structures are plotted in red. The system's 
principal symmetry axis is given as a dot-dashed 
line, together with 2 compass rose and annotations 
labeling key features in black. DEC, decination; 
RA, right ascension. 
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northwest than the southeast bicone. This high 
© of comespondence between structures in 
the two bicones argues for common creation in 
episodic eruptions within the central st 
This result also has implications for other bipolar 
systems, such as the Red Rectangle, where di 
rect correspondence between pairs of rungs in 
the two bicones could not be established (5), 


arguing against models with one-sided mass 
sjections 
Adopting the (speculative) distance of1.7 kpe, 


the linear size of the Red Sq 
as the Red Rectangle at the same dynamic 
range in surface brightness, If we further spec 
ulate that outflow velocities are not dissimilar 
kin’s (5)}, then the dynamical ages of the 
jor rung systems are ~3000 and 6000 
years. However, given the significantly hotter 
Spectrum of MWC 922's central star [B3-B6 
(6)] as compared with the Red Rect 
[peculiar A supergiant in a 319-day binary 
(5)], basic parameters such as wind speeds may 
differ substantially 
the Red Rectangle, but with diflering spectrum 
ind a hotter central star, implies that the 
condit at 
bipolar ladders may not be so singular and 
unique as formerly thought, 

The carly demarked narrow rungs reported 
here places MWC 9: ‘company with only 
two other known systems [Sher 25 a 
HD168625 (7)] that support ringed bipolar 
nebulae, wke them viable 
progenitors for polar ring systems like that seen 
in SNI9N7A. As the only one of the three 10 
exhibit multiple rings and a wealth of other 
forms, MWC 922 should make an excellent 
laboratory for the study of the ereation of such 
saructures 


The finding of a cousin to 


s of formation for these ch 
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Quantum Structure of the 
Intermolecular Proton Bond 


J. R. Roscioli, L. R. McCunn, M. A. Johnson” 


‘A proton shared between two closed-shell molecules, [A-H"-B], constitutes a ubiquitous soft binding 
‘motif in biological processes. The vibrational transitions assodated with the shared proton, which 
provide a direct probe of this interaction, have been extensively studied in the condensed phase but 
have yielded only limited detailed information because of their diffuse character. We exploited 
recent advances in gas-phase ion spectroscopy to identify sharp spectral features that can be assigned 
to both the shared proton and the two tethered molecules in a survey of 18 cold, isolated [A-H"-B] 
ions. These data yield a picture of the intermolecular proton bond at a microscopic scale, facilitating 
analysis of its properties within the context of a floppy polyatomic molecule. 


cneral property of Lewis bases is their 
A bly etlely bp excetpooe 
‘on their exposed electron lone pairs 10 
form covalent hydrides. When two such mole 
ceules (A and B) compete for the same proton 
the resulting binary complex, [ATB}, becomes 
tightly bound in a cationic analog of the faniiar 
1 bond, providing a *point-contaet” coupling 
between fone pairs on electronegative atoms (such 
as N and O) embedded in ger molecular 
sealTolds. Practically, these intermdiate-strength 
‘couplings play an important rok in biological and 
physical processes requiring proton transpert in 
hydrophobic media (such as transmembrane 
proton pumps) (4), From the physical point of 
View, the motif involves. tapping. a subatomic 
particle ina sof, threeimensional potential well, 
the shape of which is determined by the chemical 
properties of the flanking atoms, Not suprisingly, 
theoretical treatment ofthis interaction is compli- 
ceated because the low mass ofthe proton results in 
it undergoing lange-amplitude motion (as lange as 
0.3 A in the complexes we studied), even in its 
tonal ero-porint kvel (5-9). 
‘These binary systems are of paicularinter- 
we they are so stable that the sym 
nplexes, such as [ATA], ean be 
macroscopic quantities by carcfl 
stoichiometric control of sat solutions (/0, 1). 
‘Over the past decade, this situation has been 
exploited to survey the spectral signatures asso- 
elated with the share! proton in room-temperature 
‘condensed phase samples, for which the bands 
attributed to the shared proton generally appear 
Aas diffuse absorptions in the 1000 em " range 
(Z0, 11). One notable finding in the recent con- 
densed phase studies involves a curious disap- 
srance ofthe vibrational transitions nominally 
associated with the flanking organic groups in 
symmetrical [AHA] complexes (/0, 11). 
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Rationalizations of this behavior include broad- 
ening of the A molecule's transitions imo a 
mtinuum background, possibly as a result of 
their modulation by the stochastic motion of th 
bridging proton. Unfortunately, the lange breadths 
of the spectral envelopes recovered in solution, 
Which are characterized by Gaussian contibu- 
tions with widths of 200 40 400 cx", encompass 
nearly the entire range of the expected intra 
mokcular (ee, C-O and P-O stretch) tansitions 
Thus, it has been difficult oF impossible 10 
quantify exactly how these intramolecular hands 
evolve upon complexation of 10 establish the 
intrinsic pattern of homogencous bands present 
when fluctuations are frozen out at K. 

Because such unresolved spectra mask the 
inherent molecular eigenstates at play, there has 
‘boon a parallel effort by gas-phase ion spectro- 
soopists to study these complexes under iso- 
Jated conditions. A major advantage of studying 
these systems in isolation is that the resulting 
disercte spectra should be amenable to analysis 
with the full arsenal of tools developed through 
decades of work on the deetronic structure and 
Vibrational dycumics of polyatomic moksculss. 
There have been recent reports on spectra ofthe 
isolated gas-phase complexes [ew (MeO) 
where Me = CH) obtained using mffared mu 
Aiphoton dissociation (IRMPD) (12-14). The 
suliing spectra consisted of a diffuse sys 
‘bands with comparable intensity throughout the 
Jow-enengy region of 700 10 1500 em, not un- 
like those observed in the condensed phase (11), 
The similarity of these broad structures for sev 
ral gasphase compleres fed Moore et al. to 
suggest that this extended suite of bands together 
comprised the signature of the O-H-O bridge 
Because both the solution and IRMPD studies 
were cari out at room temperature however, it 
isnot clear to what extent this broadening results 
from thermal excitation as opposed tothe intrinsic 
[AHT"B| spectral character 

Revealing inherent linewidth through 
argon nanomatrices. The cal of our study 
was to overcome the complications introduced 
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by the inherent nonlinearity in IRMPD and the 
thermal effects present at elevated temperatures 
bby acquiring spectra ofthe vibrationally cold, was- 
phase [A11-B] complexes with the use of rare- 
‘286 nanomatrix spectroscopy (15), We focused on 
the proton-bound complexes involving methanol 
(MeO1D, ethanol (EXOH, where Et = CHSCH), 
and ethers (MeO and F1,0), in addition to the 
small molecules HO, Nil, COs, and the rare 
gases (RG) Ar and Xe. To aid in the assignment 
Of the resulting band pattems, we also obtained 
the spectra of the protonated monomers (c.x. 
Mc201) which, when combined with the 
known spectra of the neutral species (e.. 

Mez0), allowed us to learn how the eonstituent 
molecules in the [AITB] complex flex and 
evolve as the proton becomes. preferentially 
tached to the stronger bas. 

Vibrational spectra of [AHT"B}Ar com 
plexes were acquired over the range of 600 10 
4000 cm in a Tinear action mode with the use 
of the Yale double-focusing, tandem timeat 
flight photofragmentation spectrometer (14). In 
‘most cases this instrument synthesizes the proton- 
bound binary complexes in an ionized super- 
sonic free-jet expansion that coi 
‘water vapor seeded in Ar. Typically, this first 
generates yO" Ary cluster ions, which are then 
interfaced with onganic reagents that are en- 
trained into the expansion on the low-pressure 
side through two independently controlled pulsed 
valves. The likely sequence of events 


HjO™Aty © At HSO"AAty § (nm) Ar 
a 

HiO™AAtg § B+ 
[AI-BpAP SHO F(m—DAr Q) 


creates the [ABA tanget ions, Some cases, 
sich as MeOH:H"-CO, required variation of this 
scheme in which McOH was entrained into the 
Ar jet to form the MeOIHHTAr, clusters belie 
the introduction of COs. Formation of these ra 
szns complexes is crucial, because they are sul 
ficiently weakly bound to enable detection of 
their low-energy Vibrational spectra by 
‘messenger atom” action spectroscopy (I7): 


[A-BPArs iv [ATB] Ar) 
Because this process is carried out in a one-photon 
regime, it circumvents the complications inherent 
in the IRMPD approach, for which as many as 16 
Photons are required 10 dissociate these very 
strongly bound complexes (binding enerey Dp ~ 
137 eV in HO") (/8), In addition, the weakly 


bound Ar serves to limit the intemal eneny 
‘content so that the resulting spectra largely reflect 
ropertics of the vibrational zero-point evel 


the 


fiagment ions (Eg. 3) after in 
the heavier [AA-B}Ar complex. y 
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background-free scheme to monitor the absorp- 
tion of infrared photons down to 600 em" (19), 
Spectra are displayed as the net fragmentation 
signal normalized to the laser output energy per 
shot at each excitation wavelength 

Probing the asymmetric stretching vibra- 
tional transition (v,,). At the simplest level, we 
expected three vibvtonal fundamentals of the 
shared proton, reflecting ‘ts three-dimensional 
‘confinement the asymmetric stretch paral to the 
tom avis [Vg] and two transitions arising 
ffom vibrations rouuhly pespendicular to this axis 
[vga Even at the hamonic level, however, 
shared-proton displacements participate in many of 
culated nom! mexdes describing the collee- 
tive fimdamental motions in the complexes. The 
inffare intensity of the mode containing mostly Vg 
(() characteris calculated to dominate those arising 
firean more perpendicular motions. The fase 
transitions should therefore provide the clearest 
probe of the intermolecular proton bond. They are 
‘expected to be oth intense and quite responsive to 
the dots ofthe bond, spanning a range from 400 
to 3500 em, depending on the identity ofthe two 
molecules competing forthe proton, 

Figure 1 presents a representative survey of 
the [AAT B]-Ar vibrational spectra in a series 
‘of complexes that explores differences in the 
O411'-O motif, a well as situations in which the 
proton is trapped between dissimilar atoms (such 
as O-H'-N and O-H-RG). In most eases, the 
hands associated With gf) (red) could be iden- 
lied by a process of elimination based on the 
unambiguous identification of transitions arising 
fiom the flanking structures. The plausibility of 
these assignments was then checked against ab 
initio calculations ofthe harmonic spectra, Which 
typically yielded one Vip) band within several 
hundred wavenumbers of the identified struc- 
tures. The failure of such calculations wo recover 
these bands more accurately provides. clear 
evidence that these motions are indeed quite 
anharmonic. Isotopic substitution was also used 
in two cases, (Me30)3H1"(Me:0)3D" and 
Me,O:11""H0/Mex0-D"D,0, which confined 
the assignments derived from the scheme outlined 
above. Because of the special properties asso- 
ciated with the symmetrical system, we will re= 
{um tothe isotope-dependence of the (MesO)a1T” 
spectrum alle discussion of the overall trends 

One qualitative aspect commen to all of the 
spectra obtained for the cold, isolated [HB] 
systems investigated here that these one-photon, 
Ar predissociation spectra are much simple thant 
those previously reported fr these systems with 
the use of IRMPD (12-14) or obtained from 
condensed phase samples. A specific example is 
shown in Fig. IF. The previously reported con 
densed phase spectrum (zray) and its convoluted 
sian fits (blue) (17) are included for eompar- 
on. The much simpler Ar predissociation 
spectrum not only allows the identification of 
the features that are due to the vibrational zero 
point level, but also establishes thatthe intrinsic 
Vfl) oscillator strength is not strongly dla by 
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extensive mixing with the background levels or 
by dynamical couplings (/3) 

Relationship between vip and proton 
affinity. The origin of such large variations in 
‘sp displayed by the analogous ncutral complexes 
(eg, Me,0-HC) has been subjected 10 intensive 
analysis over the years. Pimentel and co-workers 
(20), for example, correlated the vibrational 
frequency trends with differences in the proton 
affinities (APA) between the two bases, and 
Bames (2/) later extended this study to a myriad 
Fncutral combinations. Zundel (22) and others 
2) considered the infrared spectra of a number 
‘of systems in salt crystals, and found that 
although vp was correlated with the magnitude 
‘of APA (or he analogous ApK,, where Ky is the 
acid dissociation constant) the vag bands were 
also shown to depend on the distance between 
the atoms connected by the shared proton, whieh 
is in tum strongly affected by the overall crystal 


Ar Predissociation Yield 


1000 


1500 2000 


structure, This dependence on. crystal structure 
obscured the correlation between vp and APA. 
The critical role of APA in interpreting band 
positions was not applied to proton-bound cat- 
ionic complexes until 1996, when Bieske and 
co-workers observed a linear scaling over a 
small range (300 em") in several weakly 
bound XCH™RG clusters (24). Very recently, as- 
Phase spectra of two asymmetric systems 
[McOAT-THE, where THF is tetrahydrofuran, 
and acetone H'“THF] (14) in the low-APA range 
(25 Ki/mol) have been obtained using wom 
temperature IRMPD, in which assignments of 
ool) transitions among the overlapping bands 
(based on ab initio predictions) suggested a fin 
dependence on APA. By eliminating the compli- 
cating influences of extemal forces and intemal 
excitation at elevated temperatures, our technique 
offers a clear picture of the intrinsic molecular 
phiysies at play in the intermolecular proton bond 


Increasing APA 


2500 3000 3500 


Wavenumber (cm) 


Fig. 1. Vibrational predissociation spectra of the [A+ 


+8]-Ar complexes forthe following combinations: 


(A) B,0-H*-Xe, (B) MeQH-H"-COz, (©) NHy-H*-H,0, (D) Me,0-H"-H,0, (E) MeO-H*-MeOH, and (F) 
E1,0-H"-E10. The traces are presented in order of decreasing APA (25) of the [A-H*=B] complexes. 
Regions associated with vibrations more localized on the flanking molecules are indicated by vf labels, where 
i the molecular moiety and j describes the characteristic motions involved in the vibrational mode. Bands 
indicated by the asterisk in (O are due to an (H;0)," impurity. The gray spectrum overlaying the trace in (F) 
<ortesponds to the solution phase spectrum, and the biue dashed lines indkate the Gaussian fits (2) used to 
‘extract the Vjg-based transition energies reported for this complex. [Reprinted in part with permission from 
(22). Copyright 2006, American Chemical Society The vertical dashed gray lines in (C) (D), and (€) track 


features that persist over several complexes. 
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Figure 2 presents the APA dependence of the 
centroid fiequencies of the Vsgfbased bands 
extracted from the spectra in Fig. 1, as well as 
those from 12 other systems that we studied 
The televant band positions are collected in 
Table 1 along with the APA values for each pair 
‘of constituent molecules (25), The correlation 
between the absolute vig) position and APA is 
thus revealed over a range of 2700 em ', with 
all of the systems conforming closely 10 a uni- 
vernal trend, even though different atomic part- 
nets are involved in this data set. 

Ins useful to consider the qualitative origin of 
the lange observed spectral shifts in the context of a 
mplificd, one-dimensional potential for shared- 
proion motion, during which the heavy atoms are 
fixed and a proton is scanned between them. The 
resulting calculated curves for three representative 
systems are included in Fig. 2. Atlange values of 
APA (Fig, 2C), the relative enengies of the two 
possible proton transfer situations, ANB and 
AAT, ate very different This disparity localizes 
the proton to one side of the complex, effecting & 
high vyp() fiequeney (3000 em") As the 
relative energies become similar (Fig. 2, A and 
B), the proton transfer potential widens markedly 
and shifts Vp) 40 lower energies (19), 

In symmetrical systems with strong bases ike 

mmonia, the trapping potential is calculated to 
develop a barrier at the midpoint, resulting in 
double minimum shape (26), Earlier work on the 
NHyH"NHy system (26) in the free NH 
stitching region established that the two NHy 
‘groups ate equivalent, This indicates that the 
Vibrational zero-point lies above the barrier, thus 


‘enabling the proton to be equally shared between 
the two N atoms. An analogous situation was 
also encountered in the highly basic anionic 
complex OH-H™OI, which displayed an 
isolated vp(/) transition at 670 em? (5), lower 
in energy than any of the bands recovered in the 
cationic systems that we studied. Unfortunately, 
‘our inital survey of the NHy:H-NHly spectrum in 
the low-energy range sugaests that its Vip) falls 
‘below 600 emt, the lower limit ofthe apparatus. 

‘Because the strongly hase systems develop 3 
barrier in the shared-proton potential, we do not 
anticipate that there is an intrinsic asy 
value fr vf!) at APA = 0. Rather, in 
that the first two vibrational levels fall below the 
barrier, the Vif) transition energy evolves into a 
tunneling splitting. These considerations suggest 
that the correlation displayed in Fig. 2 reflects a 
more limited range of behavior whore the shared- 
‘proton potential is Matiened (Fig. 2B) but does 
not develop a substantial barrier, Characterization 
Of the Vip) band structure in high barrier sys 
‘ems thus presents a challenge for future work in 
this area 

Impact of complexation on flanking group 
vibrations. In the process of identifying discrete 
transitions associated With Vig, We have also 
‘obtainal sharp band pattems derived fiom the 
skeletal motions of faking onganic groups, These 
data provide an opportunity to understand how the 
pendant molecules are affected by the inter 
molecular proton bond. Our calculations suggest 
‘that, akhough the normal modes of vibration are 
collective motions of the entire complex, itis often 
the case that they are largely intramolecular 
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motions associated with one of the components, 
We highlight the case of the MeO" MeOH 
complex in Fig, 3. Figure 3G_presents the 
observed spectrum in the finger region; the 
[eft and sight panels below it pertain to the tran- 
sitions expected for the constituent’ molecules. 
Intuitively, one anticipates that the spectral signa- 
ture associated with the skeletal motions of each 
‘monomer subunit should fall between the limiting 
pattems corresponding to the neutral (ic, MeO 
or McOH) and protonated (ie., MeOH" or 
MeOH") species. Although the spectra of the 
neutral molecules are well known (27), this 
information was not available for the protonated 
analogs; we therefore obtained the spectra of the 
protonated analogs using Ar predissociation, 

The traces in Fig, 3, A and B, present the IR 
spectra of the independent neutral. components: 
[Me,0 (Fig, 3A)and MeOH (Fig. 3B)}, with 
corresponding spect of their protonated analo 
displayed in the middle traces [MesOH" (Fi 
3C) and McOH" (Fig. 3D)). These spectra c 
bbe confidently assigned with the aid of ab initio 
calculations atthe scaled harmonic level, because 
they are covalently bound systems that do not 
display lange amplitude motion or unusual 
anharmonicity, In both neutral molecules (Fig, 
3, A and B), the bands lowest in energy arise 
fiom the C-O stretching vibrations, and the) 
cach shifled 10 lower energy (red-shitled) by 
about 200 em" upon protonation, The calcu 
lations predict that wo of the low-cnengy bands 
in the MeO-H"-MeOH complex are due t the 
CO stretches on the Mex0 group, which 
‘undengo about half the red-shift displayed by 
the analogous modes in the protonated ther 
Similarly, the band between these v0 can be 
sasigned to the C-O stretch primarily localized on 


Table 1. Observed centroids (cm™) of shared- 
proton asymmetric stetching bands, vp(l), and 


relative se) proton affinity (APA) values for 
(A-H*-B] complexes 25), 
vap(l APA 
(an) (ki/mot) 
343 0 
952 0 
840 o 
887 o 
H,0-H"-OH, 1002 0 
‘Me,0 +H" -HOMe 1595 38 
8,0-H" + HOEL 1638 se 
‘MeOH: HOH» 1828 6 
EQOH-H"-OH, 1964 35 
Mez0-H*-OH, 2094 301 
° 100 200 300 400 500 E0-H"-OH, 2310 37 
APA (kuimol) H20-H"-NHs 2649 162 
Fig. 2. Dependence of the vsll-derived band locations on the difference in proton affinities core on a 
(APA) for all systems reported in Table 1 (25). (A to ©) Calculated potential curves (MP2/aug-<c-tg.*.xe ab ane 
PVDZ) generated by scanning the shared proton between the heavy atoms while fixing the yOu ie ay ey os 
exomolecular structures at the equilibrium geometry of the complex (28). Energy levels were yd ye. a, Bene as 
derived by solving the one-dimensional Schridinger equation for the first two vibrational s 
eigenstates. The potential curves are color-coded to match colored points on the graph, BOM. Eads a 
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McOH, which likewise absorbs at a frequency 
intermediate between the bands in the neutral and 
protonated species 

In the MeO system, the CH rocking band at 
1200 cm” is completely suppressed upon pro- 
tonation (compare Fig. 3, A and C), but it is 
recovered in the spectrum of the bridging com- 
plex. This behavior is reminiscent of the band 
isappearance alluded to earlier in the symmet- 
rical complexes (10, 1/). In the case of the CHy 
rocks, however, their suppression is clearly a 
consequence of the inherent reduction in the 
transition moments associated with the nonmal 
mode fundamentals rather than heterogencous 
‘broadening duc to spectral diffusion or some 
‘other dynamical process 

A persistent feature at 1450 em" associated 
\ith the CH bending motion appears in all ofthe 
spect and scoms to be largely decoupled fiom 
the bonding environment at the oxygen centr 
These CHly bends are suppressed! upon com: 
plexation, but nevertheless remain shary and 
distinct features. The shared-proton transition in 
Me,0:H1" MeOH lies higher in energy at ~1600 
em, about 500 ent” below the predicted value 
a the harmonic level. This large anharmonicity 
undoubtedly results from the distorted “shell 
like” potential goveming the shared proton in this 
asymmetric complex (Fig. 2B), Consequently, 
{he vip) transition can he much more aceu- 
rately recovered by numerically integrating the 


Fig. 3. Decomposition of 
the Me.0-H® MeOH in- 
frared spectrum into. the 
dominant contributions 
from each of the constitu: 
ent molecules with the aid 
of the independent spec- 
tra of (A) Me30, (B) MeOH, 
(C) MeOH", and (D) 
‘MeOH,’ Neutral spectra 
are displayed as Gaussians 
about the vibrational or 
‘gins with heights. corre- 
sponding to the observed 
relative intensities of the 
reported room-temperature 
spectra (27). (E and F) The 
ether-based (tea) and 
alcohol-based (ue) con- 
tributions to the overall 
spectrum of the complex 
(@.. The locations of the 
backbone transitions in (E) 
and (F) are intermediate 
between their analogous 
positions in the protonated 
and (D)} and neutral 
[A) and (B) species, show 
‘ng the delocalized char- 
acter of the shared proton, 
‘even in the asymmetric 
complex. 


‘Schrodinger equation for a one-gimensional 
potential slice along the proton transfer coordi- 
nate. This band is the broadest in the spectrum, 
appearing just above the bending fundamental 
associated with the dangling OH on the MeOH 
‘moiety. 

Analysis of symmetrical complexes. We 
fumed next to the homogencous (symmetrical) 
complexes, for which there is a considerable data 
set available from previous studies carried out on 
solution-phase as well as crystalline samples (23). 
Onthe hasisof extensive work rocntly focused on 
the prototypical HsO," system, the shared-proton 
motion fs offen associated with a strone doublet 
‘pear 1000 em" and a second band in the 1640 10 
1800 cm" range, whose intensity is much more 
dcpendent on composition of the solution in the 
‘condensed phase (17), as well as on the identity of 
the rare-gas atom in the gas-phase studies (6), The 
simple doublet nature of the 1000-cn band has. 
‘proven very lflicult to recover in high-level 
‘theoretical twatments of this system (e.. many- 
«dimensional vibrational coupling on full potential 
surfice) (7). In spite of the subllety associated with 
this fine structure, a doublet character has been 
cexiricte ffom fits ofthe asymmetric, broad bands 
displayed by the symmetncal complexes in the 
condensed phase (17). The assignment ofthe hand 
at higher energy (1800 ern") is uncertain, and 
ray well be diflennt in the condensed phase viven 
that the structures of the complexes are thought 0 


change froma stazzerad orientation ofthe flanking 
07s in isolation to pseudo-planar in the presence 
of an anion support (//). This structural change 
also raises the specter that the lower energy 
envelopes recovered in solution similarly may not 
reflect the intrinsic nature of the intemmolecular 
proton bond, These uncertainties warrant closer 
Jook at one of the isolated symmetrical systems, 
Figure 4 shows the results of the isotopic 
substitution study of the MeOH" Me;0 sys- 
tem, in which we independently recorded the 
spectra of the MexO-H"Me,0 (Fig, 4B) and 
Mez0-D"Me,0 (Fig, 4C) complexes, Most 
important, the three strony bands in the 1 
‘sotopologue centered around 960 em”! ane 
quenched upon H/D substitution, and a closely 
spaced doublet emerges at ~700 em, Arrows in 
ations of the C-O 
"= Which sugges that, 


is surprising, therefore, is that these bands 
disappear when the shared 11 is replaced by D, 
indicating that the shared-proton motion is 
somehow primarily responsible for all thnee of | 
the strong transitions in the HH species, This 
bbchavior is particularly notable in the context of | 


the observations in the condensed phase that 
hands associated with the organic groups: dis- 
appear upon complexation in the proton- 
bound dimers (J, 17), Moreover, similar 
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behavior is well established in the neutral acid 
limers [such as (RCOsH)>} 

To explain the curious suppression of the 
intramolecular transitions in the symmetrical 
systems, Stoyanov has invoked a spectral diffe 
sion mechanism in the condensed media, 
whereby the large amplitude motion ofthe shared 
proton effectively modulates the transitions of 
Manking groups such that they broaden and 
disappear in the background (10, 12). The clear 
example of similar band suppression in the 
isolated MesOH"Me,O systems upon deutera- 
tion, however, allows us to gain a deeper 
Understanding of its origin. In particular, because 
the isolated system is accessible with ab initio 
calculations that can be directly compared with 
‘experiment, we can explore whether the curious 
intensity behavior is a low-order phenomenon or 
‘whether it requires high-level, full-dimensional 
quantum treatment (such as the situation 
‘enicountered in Hs02") 10 reveal the qualitative 
motions underlying the observed doubt pattem, 

Moore et al, (13) previously reported ab initio 
(ce-pVDZ tnisis at MP2 level) harmonic spectra 
for the (MejO)aH1" complex in the context of the 
IRMPD spectra. To detemmine the expected 
isolope-dependence of the IR. fundamentals and 
‘extrict the normal mode displacement vectors, we 
ccaried out calculations at the B3LYP(O-311 °+G 
(dip) kevel (28), which yicklod a similar pattem of 
bands with vomparable intensities. Fig. 4. A and 
D, presents the harmonic spectra for the wo 
isotopologues, Which recover the character of the 
‘overall band pattenss surprisingly well given the 
‘enue level of teatment. The displacement vectors 


Fig. 4. lotope substitution study of 
the symmetrical. Me,O-H*+Mez0 
complex (A) calculated spectrum and 
(B) Artagged vibrational preissocior 
tion spectrum of MegO+ HY esO: (C) 
predisociation spectrum and (D) cal 
‘ulated spectrum of Mez0-D* -Me30. 
Calculations are carried out at the 
BSLYPI6-311++Gd.p) level with the 
CH stretches scaled by 0.967, the fac- 
tor required to match the observed 
values for the neutral molecules 
(28), Bands predominantly assigned 
to vl activity are indicated in red. 
Included in insets are the normal. 
mode displacements for the high: 
lighted transitions of interest, show 
‘ng that although the shared proton 
iscoupled tothe CO stretches in both 
«cases, the resulting band pattems of 
the isotopologues are notably differ- 
‘ent. The CO stretches of the proton- 
ated MeO species are indicated by 
black arrows, The gray trace in (B) is 
the previously reported IRMPD 
spectrum of bare Mes0-H" -MMes0 
(23), The peaks labeled with asterisks 
in (© are due to the overlapping °C 


‘sotopologue of the H-labeled species. 500 


1000 
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(insets) associated with the strongest two bands in 
the H istopologue imolve substantial C-O stretch- 
ing motions. As such, we can regard these 
Vibrations as being derived from mixed combina 
tions of the shared proton with the out-of-phase 
collective motion of the two symmetiic CO 
stretches, Thee are actually three such parallel 
transitions whose intensities originate, in this em 
onler picture, fom the two symmetric C-O 
stretches fone on cach monomer) and Vg), With 
the thind (the in-phase symmetric C-0 stretch) 
accounting for very little oscilltor strength, This 
assignment is consistent with the earlier 
conclusions of Moore et a. in their al initio study 
‘ofthis system (13). 

Tuming to the heavy isotope, we anticipated 
that this C-Ove(() mixing scheme would de- 
‘couple as the vel) Value dropped out of range in 
the D tsotopologuc, implying that the usual two 
CO stretching bands should emerge at higher 
‘energy relative to the Vp Hnased transition. Such 
levels are calculated 19 occur in the 900-cm 
region, but the ascillator strengths for thir I fine 
ddamentals are predicted to be much smaller than 
the intrinsic strength of the Vif) transition (<1%), 

naking them difficult to observe, given the nose in 
the experimental spectrum. These observations 
this point to an alternative explanation for band 
suppression that docs not require spectral diffusion, 
‘but rather emphasizes the extreme disparity in the 
absorption cross-sections for the intramolecular 
Vibrations reative to that of vg). In this context 
the more curious case is the mulipkt structure 
Vell inv the light isoeapokogue. We sugest that, 
rather than being suppressed, this structure reflects 


1500 2000 2500 3000-3500, 
Wavenumber (cr) 
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4 marked intensity enhancement of the C-O 
stretching motions through their interaction with 
‘gl when the two modes are nearly degenerate. 
In this mod, the multiplet results from interaction 
‘with the flanking groups, rather than reflecting the 
intrinsic signature of Vg), These curscry obser= 
‘ations at the harmonic level elcaly highlight the 
seed for further theoretical investigation of the 
band suppression effect in order to treat the ex 
rected lange anharmonicities at play in these nel- 
atively Noppy systems, 

Notably, not all ofthe bands on the flanking 
molecules are suppressal, as indicated by the 
weaker GH stretching transitions at the high- 
nengy end of the spectra (Fig. 4). These envelopes 
are very well recovered by the calculated harmon 
ic spectra Fig, 4, A and D), and they occur with 
intenstics that are both consistent with theoreti 
expectations and similar to those of the bands 
protonated dimethyl ether (Me;O1N 

Both of the proton-bound ethers studied here 
[0R,O)1", where R= Me, Et] are dominated by 
sharp multiplets inthe low-energy range, and our 
analysis supports the conclusion that this struc- 
ture arises ffom mixing between gf) and the 
GO stretches (13), One way to further explore 
this behavior within the context of symmetric 
systems is through substitution of one ofthe alkyl 
groups on cach oxygen atom with an atom, & 
‘modification readily accommodated by synthe- 
sizing the proton-bound alcohols, (MeOH)sHI” 
and (EX1OU)3H". Figure $ compares the finger- 


‘ooo m0 1400 


Waverumter (em) 
Fig. 5. Comparison of the vibrational pre- 
dissociation spectra of the homogeneous dimers: 
{(A) MeOH" -Me:0-Ar (gray, dashed) and MeOH 
H’- MeOH: Ar (red, solid), and (B) Etz0-H" -Et;0- Ar 
(ay, dashed) and EtOH-H*-EOH-Ar (red, solid. 
‘Arrows indicate the CO stretching fundamentals 
corresponding to the neutral constituent molecules 
where vs indicates the CO stretch in methanol 
GO, whereas V&% and v@% denote the symmetric 
and asymmetric CO stretching motions of ethanol, 
respectively (32), 


‘on 1800 
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print region spectra of the alcobols {methanol 
(Fig, SA) and ethanol (Fig. SB)| with their we 
spective ethers The lowest energy band obtained 
here for (McOH)aH1” is in close agreement with 
that recovered previously by Pridgen et a in an 
IRMPD study of the bare complex, whereas that 
ofthe Artagged (EIOH 311” spectrum is clearly 
sharper and higher in energy than that observed 
through IRMPD (29). Atthe qualitative level the 
main difference found upon tagging is a markest 
reduction inthe diffuse hands at higher energy 
Although the alcohols display ston features in 
the region of 800 to 1000 cm, close to those 
found in their respective eter compleves the ands 
in the aleobols are clearly broaden. The alcohols 
introduce complications that could explain such 
broadening: for example, there are 10 flying 
conformers (ith dleent calculated band pattems) 
that depend on the proximity ofthe hydrogen atoms 
). Other factors include the different orientation 
°O stretching displacements retative wo the 
more parallel motion in the ethers, and the 
possibility of mixing with the nearby 1"-O-1L 
bending motion of the dangling hydrogen atom. 
‘The dominant features in the methanol eom- 


(Me:O)HT’, and cach s 
weaker absorpt 
contrast, the to most intense bands in the 
ethanol complex (Fig. SB) fall quite close to 
those in (EtjO)sH". The lowest energy band (at 
788 ean") is the sharpest g(/)derived feature 
‘objained fiom either aleobol. The sharpening of 
this band in the larger system establishes that the 
‘widths do not simply reflect the density of back- 
sground states, whieh would be largest in the R 

Et ease, The rather different behavior of the two 
‘alcohols emphasizes that the detailed distribution 


the symmetrical complexes. 
Implications of the infrared spectra. Across 
the range of 18 complexes surveyed here, the 
dominant oscillator strengths traced wo the 
shared-proton vibrational fundamentals evolve 
‘over a 2700-cmr* span. The transitions ane 
isolsted and sharp when the vibrational quantum, 
‘exceeds 2000 cmt, but they broaden somewhat 
and acquire multiplet structure as the shared- 
proton vibration merges with those arising fiom 
skeletal motions of the organic scaffolds in the 
fingemprint region. The shared proton-based band 
centers are observed to be closely correlated with 
the difference in proton affinities of the two part 
ner molecules. The well-resolved spectral fea- 
tures in the fingerprint region also allow us to 
follow the deformations suffered by the mono- 
mer subunits as they become bound by the 
proton, This aspect is demonstrated in the de- 
tailed study of the MeyO-H”"McOH species. 
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Structure of Fungal Fatty Acid 
Synthase and Implications for 
Iterative Substrate Shuttling 


‘Simon Jens 
Bohdan Mikolasek, Nenad Bant 


‘Marc Leibundgut,* Daniel Boehringer, Christian Frick, 


‘We report crystal structures of the 2,6-megadalton «lg heterododecameric fatty acid synthase 
from Thermomyces lanuginosus at 3.1 angstrom resolution. The « and fs polypeptide chains form 
the six catalytic domains required for fatty acid synthesis and numerous expansion segments 
responsible for extensive intersubunit connections. Detailed views of all active sites provide 
insights into substrate specificities and catalytic mechanisms and reveal their unique 
characteristics, which are due to the integration into the multienzyme. The mode of acyl carrier 
protein attachment in the reaction chamber, together with the spatial distribution of active sites, 
Suggests that iterative substrate shuttling is achieved by a relatively restricted circular motion of 


the carrier domain in the multifunctional enzyme. 


Pathway that entails the iterative elongation 
‘of fatty acid chains through a set of ehem- 
ical reactions conserved in all kingdoms of lite 
Whereas in most bacteria and plants, synthesis is 


F« acid) synthesis is central metabolic 
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ccaticd out by sets of isolated enzymes (type I) 
(J. 2), fing and vertebrates have evolved lars 
although architecturally diverse, multifunctional 
synthases (type 1) (3-6). Mammalian fatty acid 
synthase (FAS) isa $40-KD ag homodimer (7, 8), 


‘whereas fungil FAS is a 26-mewadakon cas 
hetemlodccameric complex (9-12), Despite theit 
fiandamentally different architectures, both types 
fof mogasynthases represent independent bi 
thetic factories, because th all neces 
sary enzymatic activities together with acyl carrer 
protein (ACP) domains used for covalent stb- 
strate shutting from one active site to the other 
In fungi, acetyl primer and malonyl elonga- 
tion substrates. are loaded from coenzyme A 
(CoA) to ACP by acetyltransterase (AT) and 
malonylpalmitoy! transterase (MPT) and con- 
densed 0 acetoacetylACP in a docarboxylative 
reaction catalyzed by ketoacyl synthase (KS), In 
three subsequent reaction steps, the f-carbon 
groups are processed by ketoacyl reductase 
(KR), dehydratase (DH), and enoy! reductase 
(ER), which results in fully saturated acyACP 
that can serve directly as a primer for the next 
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condensation reaction. In cach reaction cycle, 
the growing acyl-chain is elongated by two car- 
bon units until Cre or Cry fatty acids are back- 
transferred to CoA by MPT (6) 

Here, we describe hi 
of the fimgal type 1 FAS from Themomyces 
Lamuginosus and of complex with the nicotine 
amide adenine dinucleotide phosphate (NADP) 
cofactor. We also present a structure-based mod- 
cl for substrate shuttling in fungal FAS, which 
May serve asa paradigm for mechanistically 
related multienzyme complexes 


Structure determination. Wie obiaincd ex- 
perimentally phased electron density maps of 
T. lameginosus EAS at 3.1 A resolution by 
domainwise cketon density averaging of the sx 
copies inthe asyrametic unit (13) ¢fig. 1). The 
refined atomic models include 21,127 amino 
acids (89% of the total number of residues), 6 
flavin mononucleotides (FMN), and 12 NADP" 
molecules, in the case of the NADP" soaked 
crystal In contrast to the structure of yeast FAS 
described in the accompanying paper (4), elke 
tron density comesponding to ACP was to weak 
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to allow us to build a model of this domain, The 
phosphopantetheine (PPT) transferase (PT) 
aquired for initial apo-ACP activation, for which 
‘we had considered the apes of the particle as a 
possible location (/2), was not visible, and we 
Presume that it is flexibly attached at the C 
terminus of the « chain, 

Overall architecture of the fungal FAS, 
‘The overall siructure of the fngal FAS can be 
roughly divided into three distinet units: the central 
‘whee, which forms the equatorial disk of the par- 
tick, and two domes, which arch over the reaction 


1, Structure of the fungal FAS. (A) A ribbon representation of the 
refined T. lanuginosus FAS structure is shown in two side views along the 
two-fold axis of symmetry (left and middle) and in a top view along 
the three-fold axis of symmetry (right). cr Helices belonging to the central 
wheel are colored red, helices of the capping domes are shown in 
‘green, (strands are colored blue. The particle has an approximate height 
‘and width of 270 A by 250 A. “Windows” in the side walls and at the top 
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Top view 


of the particle are labeled as openings 1 to 5, connections between the 
dome and the central disk as C1, C2, and C3. (B) Quaternary structure 
‘and subunit distribution of the FAS complex. The heterododecameric 
complex is composed of 2 Ds-symmetrical cig hexamer (subunits are 
colored pink and blue) and two Cy-symmetrical fy trimers (subunits are 
colored green, yellow and gray). In the side view (left), the [by trimers 
have been moved away from the a chains as indicated by the arrows. 
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chambers (Fig. 1), Five major, structurally 
unique openings or “windows” in the side 
walls and at the top provide access to the 
reaction chambers from the outside (Fig. LA), 
and six openings in the central disk connect 
the upper and the lower reaction chambers 
(Fig. 1B), 

‘The high-resolution structures confirm 
and substantially particularize the previously 
reported d- and B-subunit distribution within 
the FAS complex quaternary structure (9, 12) 
¢ backbone traces of the six a 
ins are highly intertwined and form the 
ntral wheel, which has Ds symmetry 
mumetry and is 
B chains and 
three times 94 N-terminal residues contrib 
twted from the a chains (Fig. 1B), The arches 
of the dometike superstructure rest on the 
cechain platform by means of three distinet 
types of abutments or intersubunit connce- 
tions (Fig. 1. A and B). The B chains are not 


as extensively intewined as the a chains, 
and individual subunits can be discemed 
within the assembly. 

Catalytic core domains caged within expan 
sion segments. The catalytic core domains, 
defined by the homology 10 the FAS type Il 
‘enzyme structures, are embedded within expan- 
sion segments, These interspersed sequences 
are integral parts of the «and B chains in the 
form of intradomain insertions in all conserved 
catalytic folds, as well as additional, separate 
domains (Fig. 2A). They correspond to ~S0% 
Of the total mass of the complex and mediate 
the majority of architectural interactions by 
wrapping around, squeczing between, chimp- 
ing and interconnecting the core domains (fig. 
S4). With the exception of the KS and KR 
dimer imerfaces, there is minimal direct inter- 
action between regions corresponding 1 bac- 
terial core domains. 

Although in some bacterial multifunctional 
enzymes, such as the fatty acid froxidation 


AB chain (FAS1, 2080 amino acids, 231.8 kO): 
N 
‘onetct Feresoarise 
ont ‘coment 


complex (5), individual domains have been 
observed to form more tangential interactions, 
the expansion segments in fungal FAS stably 
integrate the catalytic domains into the com- 
plex. Through this assembly mode, the hollow 
structure of the multienzyme is generated from 
a small number of subunits, each displaying a 
high level of complexity, Compared with other 
macromolecular assemblies with lange interior 
volumes, such as multimeric chaperones, pro 
fecases, and icosahedral viral capsids, fungal FAS 
is built out of fewer polypeptide chains and 
has more porous and permeable rwaction- 
chamber walls. Analogous to FAs 
through which substrates could enter into 
reaction chambers are also observed in pyru= 
vate dehydrogenase (PDH) complexes (6), 
Structure of the subunits. Onc 210-kD a 
and one 2304KD fs chain combine to build one 
‘nonredundant portion of the fungal FAS com> 
plex (Fig. 2B). The complicated folds of the two 
‘unusually Jong polypeptides reveal numerous 


c 
Tas tere oat Aanah ay Ha oy Hay Veresaanton 
sore? Some "sagt “taae” ‘tsa ‘wore? 


a chain (FAS2, 1878 amino acids, 206.7 kD): 


Fig. 2. Domain organization and structure ofthe subunits of fungal FAS. (A) 
Domain organization of the FAS «and [5 polypeptides from 7: lanuginosus. 
Conserved sequence stretches structurally related to known enzymes are 
shown in color (AT, green; ER, yellow; DH, orange: MPT, red: ACP, purple: 
KR, blue; KS, cyan; PT, light blue). Functional domai 
magenta bars. Structural domains, expansion segments, and interdo- 
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are indicated by 


main linkers are colored gray. Asterisks indicate the position of catalytic 
‘amino acid residues (corresponding residues in yeast FAS are shown in 
parentheses, table $7) and zigzag lines the position of flexible linkers. (B) 
‘Structure of the «i and [5 subunits. Ribbon representations of the « chain 
(lef) and the chain (right) are colored in rainbow from dark blue (N 
terminus) to red (C terminus). 
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intrachain contacts between residues. dista nodules arranged expansion segment helices at the outside of the 
located in sequence (Fig. 3, E, F, and G). As alos fold avis of symmetry. A large KS (Fig. 3D). 

described in more detail (supporting surface area of ~77000 A? is buried when six The frB contacts in the dome are restricted 
text), the catalytic domains on the B chain are subunits assemble, to which the two highly ical domain 1, responsible for the forma. 


The appearance of the ¢ 
KR and KS cat 
A that 


the primary structure 
chain is dominated by the 


provide interaction surfaces for oligomeriza 
tion (Fig. 2B), 

Both chains contain several solvent-cy 
oops that may be accessible to pro 
In fact, because of proteolytic dezradation during 


enzyme isolation procedures (7), carly inves th 
tigations of the yeast FAS fom the late 1960s 
considered the multicnzyme wo be an associated clamp i 


complex of many individual proteins, 
to bacterial systems (6, 18), 
Subunit interactions, 


central disk are intenwined ant form nume 


The « chai 


ous {8 subunit contacts (Fig. 1), Because of formed by a 


the Dy symmetry of the @ hesame ub flexi 


Unit contacts mainly involve homodimeric (Fig 


le 


Fig. 3. Intra- and intersubunit interactions in the fungal FAS complex. 
Schematic topologies forthe hexameric central wheel and the trimeric dome 
are shown in the middle. « Subunits ae colored pink and blue, subunits 
green, yellow, and gray. The labels (A) to (K) indicate the interaction motifs 
depicted in the surrounding panels. In the close-up views, catalytic core 
domains are shown as gray surfaces, and the expansion segments that mediate 
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interfaces of the KR tion of the trimeric apical connection of the 
pake substantial arches (Fig. 3K), and to the interaction of the 
DH with the AT domain of a neighboring 

mediate ur chain, The construction of the dome buries less 

Two extended @ than ~S000 A? surface area between the three fb 


¢ in a head-to-head subunits, which is small compared with the ob- 


mains (DMI) (Fig. 3A), slight motions of the individual domains, 
spoke assembly (DM3) is The three diflerent a connections C1, €2, 
vence insertions in the and C3, where the arches depart fiom the 

disk (Fig. 1A), ane all mediated by 


segments. In Cl, a-helical domain 2 


the ER core packs on one KS expan 
nent, clamps the extended part of the 
KS linker, and forms additional interactions 
ith the long helix lying on the KS core 


The first (DM2) is 


Fig is formed between the same 
and [$ subunits as C1 and solely involves pack: 


ing of an additional hot dog fold inserted in the 


intva- and intersubunit interactions are shown as ribbons. (A to D) DMs of the 
central wheel. (E) Four-hetix bundle within one c chain between KR and KS. 
(F) Antiparallel {3 sheet of the fi chain between the ER and DH. (G) Contacts 
involving short expansion segments of AT, ER, and MPT. (H to J) Intersubunit 
«a+ connections C1, C2, and C3. (K) Apical trimeric connection formed by the 
‘N-terminal ahelical domains of three fi chains 
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pscudodimeric DH against the long a hel 
the KR-KS linker (Fig. 311). Connection C3 is 
formed between an MPT expansion segment of 
the B subunit and a short insertion in the KR of 
a second «chain (Fig. 31. 

Double-anchored ACP in the reaction chamber. 
The electron density for the N-terminal region 
fof the @ chain starts in the side wall of the 
dome, where it completes the fold of the MPT, 
then disappears in the interior of the reaction 
‘chamber and reappears ~60 A away at the DMI 
holies in the middle of the equatorial wheel 
The sequence between these peripheral and cen- 
tral anchor points corresponds to the substrate- 
conjugating ACP domain, flanked by flexible 
linkers. This architectural solution implies that 
ACP is double-tethered diagonally across the 
reaction chamber (Fig, 4A), 

We investigated the conformations of the 
ACP domains in the reaction chambers using 
ceryoelectron microscopy. A single particle re- 
construction of T famiginosus EAS at 18 A 
resolution shows density features attributable to 
ACP domains inside the reaction chambers (Fig. 
4C), The observed density does not allow iting 
‘ofthe ACP fold (/4), but rather reflect the time 
averaged positions of ACP domains and the 
associated linkers in solution, The density ex- 
tending from the central wheel can be attri- 
buted to an additional portion of the downstream 
ACP linker not observed in the erystallographic 
‘experiment 

‘The peripheral ACP anchor provides: in- 
Uriguing insights into the evolution of fungal 
FAS, The crystal structure reveals that the N 
terminus of the « chain is very close in space 
(-8 A apart) to the location where the C 
terminus of the fb chain ends (Fig. 4B). The 
two chains together describe the fold of the 
MPT, with the fs chain contributing the portion 
With catalytic residues and the «chain complet- 


Fig. 4. Integration of 
the substrate-cartier do- 
main ACP in fungal FAS. 
(A) Partially cut-away 
reaction chambers of 
FAS are shown from the 
side, Each ofthe two re- 
action chambers contain 
three double-tethered 
flexible ACP domains 
(schematically repre- 
sented by cyan spheres 
and yellow dashed tines) 
between the peripheral 
anchors in the reaction 
‘chamber wall and cen 
tral anchors atthe base. 
(B) Structures ofthe cen- 
tral and peripheral ACP 
anchors shown in risbon 


representation. The peripheral anchor, which corresponds to the N terminus ofthe 
‘a chain (blue), forms the MPT fold together with the C terminus of the {5 chain 
(green). For illustration, the bacterial MT (yellow) has been superimposed on the 
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ing the core fold of the MPT (fig. $9). In fact, 
certain species express fungal type IFAS fiom a 
single gene without the insertion of additional 
amino acids, when compared with the B- and 
‘a-chain termini of the T lameginasus or yeast 
FAS (fig S6). The composite nature of the fungal 
MPT, which superimposes with the bactenal 
homolog (Fig 4B) (2/), indicates that the two 
‘genes encoding the «and i chains are unlikely to 
have evolved independently and that double-gene 
transcribed FASs are probably a result of gene 
spliting of a single ancestor. Single-genc FA: 
are found in Ustilago mavdis and related fungi. 
Although, in different species, gene splitting 
‘occurs at various positions of the sequence (Fig. 
SO), it is never observed within the ACP linkers, 
Which is an argument for the existence of 
considerable evolutionary pressure in onder 10 
preserve two-sided covalent attachment of ACP 
in the reaction chambers 

Acetyltransferase_and_matonylpalmitoyl 
transferase, The similar fold of AT and MPT 
reflects the related functions of these eizymes, 
namely, the transfer of acyl groups between 
CoA and ACP. Because of the position-specific 
intra- and intersubunit contacts of AT and MPT 
within the multinzyme complex, major struc- 
tural differences are observed at the periph- 
erries in the form of expansion segments (i 
$7). On the basis of biochemical and muta- 
‘genesis experiments performed with yeast FAS 
(22-24) and the comparison with bacterial 
malonyltransferase (MT) structures (25. 26), 
the catalytic histidines: (H*° x91 seer) 
and. serines (S™°qrnyS"""y4rrn) coukl be 
assigned in the deep erevice between the lange 
and small subdomains (Fig. SA) 

Previous studs of the yeast FAS transieylase 
specificities indicated that MPT preferentially 
transfers malonyl and palmitoy! moieties, where- 
as AT specifically reacts with the acetyl group 


(4, 22-24). The positively charged arginine 
"eran located at the base of the catalytic 
pocket in MPT (Fig. SA) probably recognizes 
the negatively charged five carboxyl group of 
the malonyl moiety, as observed in the Esch- 
erichia enli MT cocrystallized with malony-CoA 
26). In AT, however, R™ pry is replaced 
by the highly conserved isoleucine P! grerp, 
which should favor the binding of the un- 
charged acetyl moiety and should lead to dis- 
crimination against malonyl binding. Mutating 
the comesponding, arginine residue in the bi 
functional human -malonyVacetyltransferase 
significantly reduced malonyl and increased 
acetyltransferase activity (27), consistent with 
‘our structural observations 

Another important structural difference be- 
‘nyeen AT and MPTis the narrowed catalytic elet 
of AT, which might prevent binding of long- 
chain acyl substrates. In contrast, the catalytic 
cleft of MPT is open and contains a number of 
conserved hydrophobic residues well suited for 
binding the acyl chains of fully elongated and 
saturated Cyg 0F Cyy itty acid product for back- 
transfer to CoA (figs, S8 and $9). 

Ketoacyl synthase, The canonical KS 
dimers that eatalyze the decarboxylative cone 
densation of the acyl and malonyl substrates are 
tightly embedded in the central wheel of the 
\S particle, and their catalytic eles point into 
‘oppesite reaction chambers (Fig. $C), The bread 
specificity of fimgal type KS for C3 to Cg acy! 
trimer substrates contrasts with condensing en- 
zymes of the dissociated bacterial type IL F 
system, where acyl chains are elongated by three 
synthases (KASs) with different substrate spec- 
ifcities: KAS II (FabHH) elongates C3 by using 
aeety-CoA as a primer, whereas KAS I (FabB) 
and KAS Il (FabF) extend ACP-Linked sub 
sarates with a primer length of C4 to Cy and 
Cie respectively (/), Structural superpositions 


(MPT. (©) Gryoetectron microscopic reconstruction of T: anuginosus FAS at 18 A 
resolution. The partide is sliced and additional density not observed in the 
electron density map of the crystal structure és colored red. 
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‘of the fungal KS thiolase fold with those of the 
‘wwe bacterial enzymes reveals a close resem- 
bance to both KAS 1 and KAS Il, whereas the 
structural relation to KAS III is more distant 
(lig. S7 and table $3). Note thatthe acyl-binding 
pocket of KS shares conserved features: with 
both KAS [and KAS Il, which may explain 
the broader specificity of the fungal KS (fig. 
10), The use of a single KS for all conden- 
sation steps in the fungal FAS complex seems 
advantageous: however, it obviously necessi- 
tated the integration of an additional catalytic 
activity, the AT, 10 provide ACP-bound Cz 
primer substrates. 

Ketoacyl reductase. KR catalyzes the 
1 of thive rearbon processing steps, the 
NADP! dependent reduction of ketoacyACP 
to hydroxyaeylACP. The catalytic core of 
fungal KR. which adopts classical Rossman 
fold, is highly similar to the bacterial type It 
‘enzymes (fig. S7 and table $3). Nevertheless, 
fungal KR forms dimers, in contrast 0 the tet 
9, Integrated into the 
1 FAS complex, the active sites are located 
in opposite wambers (Fig, SB). 

In the structure of 7. fanueginosus FAS from 
crystals soaked with NADP", the cofactor binds 
inthe active site cleft just above the equator ofthe 
‘eontral wheel (Fig, SB and fig. $2), The reactive 
nicotinamide part of NADP" is directly aeeessi- 


A 


Fig. 5. Active sites (A) Superposition ofthe AT (green) and MPT (red) D 
‘catalytic center. The arginine implicated in the recognition of the 
‘negatively charged malonyl moiety by forming a bidentate salt bridge 
in MPT is replaced by a hydrophobic isoleucine in the acetyt-specific 
{AT. (B) Organization of the KR dimer in the central wheel of the FAS 
patticle, Each KR dimer is tightly embedded into the central wheel. As 
2 result, the two active sites of the dimer are located in different 
reaction chambers. The NADP* cofactor bound to the catalytic center 
‘of KR is shown in red. (C) Topology of KS in the FAS complex. As 2 
‘consequence ofthe KS integration into the central wheel, the catalytic 
lefts of each KS dimer point into different reaction chambers. The 
deep, hydrophobic substrate-binding pockets extend to the dimer 
interface and are shown in red. (D) The FMN-containing fungal ER 
adopts a TIM barrel fold and is structurally unrelated to the 
mammalian and most bacterial counterparts. The peptide chain is 


ble from the inside of the reaction chamber, and a 
Jong tunnel, which could accommodate the acy! 
chain, points away from the catalytic center 
(supporting online text and fig. $11). The com 
parison of the dinucleotide-free with the NADP"- 
bound form of fungal KR reveals structural 
changes in the loop contacting the pyrophosphate 
moiety of NADP" (fig. $11). The loop adopts an 
“open” conformation in the emypry KR form and 
closes upon eofictor binding. This conforms- 
tional change might ensure that the NADPH 
cofactor, which is a prerequisite for catalysis, is 
bound to KR before the ketoacy/ACP substrate. 
Such a scenario would be similar w type I KRs, 
\where arrangements of a comesponding shorter 
loop, as well as regions on the opposite side of 
the catalytic cleft have been observed aficr 
NADP" bindi 
Dehydratase. The elimination of water from 
hydroxyacyACP is catalyzed by DH. The 
‘overall structure of fungal DH reveals @ triple 
hotdog fokd with the pseudodimeric part eosely 
related 10 cukaryotic hydratase 2 enzy 
which catalyze the inverse reaction and use 
(CoA-linked substrates (figs, S7, S13, and S14) 
(30-32), The additional hot dog domain is 
insert betweun the two paeudosy metric core 
subunits, On the basis of si 
hydratase 2 structures, the cataly 
11" yuan is located in the C-terminal domain 


colored rainbow from its N terminus (blue) to the C terminus (red). 


The NADP* cofactor (red) is bound in a deep cleft formed by the TIM barrel 
subdomain, which harbors FMN (yellow), and 2 large, mainly c-helical, 
insertion. The Fuss ~ Faae omit Fourier map (gray) showing both cofactors is 
‘contoured at 3 c. (E) The ER embedded into the wall of the FAS complex is 
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of fimgal DH, from which a ~20 A-tong hydro- 
phobic tunnel runs into the N-terminal subdo- 
‘ain (supporting online text), The architecture of 
this substrate-binding tunnel illustrates potential- 
Jy opposing requirements imposed onto all cata- 
Ivic domains as they became incorporated into 
the mulienzyme. DH has, for example, evolved 
insertions and an additional domain that stabilize 
the interactions between its catalytic core and the 
rest of the multienzyme. Nevertheless, the selec- 
tive pressure has ensured that in spite of these 
additional features, the maximal length of the 
substrate-binding tunnel is maintained. 

Enoyl reductase. The ER catalyzes the last 
sep in the fatty acid elongation cycle by re 
ducing the enoyl-ACP intermediate to saturated 
acyFACP, In contrast 10 most other FAS 
tems, where electrons from NAD(P)H are trans 
fered dirwetly to the substrate by a different 
catalytic mechanism, reduction by the fungal 
type [ER is flavin mononucleotide (FMN) 
dependent (33), The fungal ER contains a triose 
phosphate isomerase (TIM)-barrel fold (un- 
related to the Rossmann fold of the 
ER Fabl) with a large, predominantly o 
insenion (Fig. SD), The FMN-binding pocket is 
Jocatod_ at the base of the TIM barrel, and 
NADP” binds in the deep cleft between the 
insertion domain and the barel (fig. S16). A 
remarkably simitar structural homolog (despite 


colored according to its surface conservation from white (not conserved) to 
‘green (highly conserved). The NADPH cofactor can approach the binding cleft 
{from the outside of the FAS particle. The highly conserved inner surface of ER 
‘access to the reactive FIN and the catalytic histidine, 
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Fig. 6. Substrate shut- 
thing inthe fungal FAS. 
(A) On the basis of the 
shortest distances be- 
tween both ACP anchor 
points (green) and all 
catalytic domains in 
the reaction chamber, 
2 complete set of cata- 
lytic sites necessary for 
the cyclic reaction can 
be defined (red. On 
account of the elasticity 
Of Linkers (yellow), free 
diffusion of ACP (cyan) 
would be “channeled” 
into a circular path, 
wiih further increases 
the local concentration 


A 


‘of the ACP in the area where active sites are distributed (arrow), (B) The reaction chamber contains three complete sets of active sites, which are arranged in an 
approximate plane around the peripheral ACP anchors. Note that different x (pink, blue) and js chains (green, yellow, gray) contribute to each catalytic set, 


the low ssquenice homology of 16%) is the 
FMN-dependent 2-nitropropane dioxygenase 
(ND) from Preudomonas aeruginosa (figs. S7 
and S17 and table $3) (G4), This suggests that 
the reduction step catalyzed by fungal ER may 
rely on analogous catalytic residues (supporting 
‘online text) as the oxidative denitiication of 
nitroalkenes catalyzed by ND. 

The ER is optinally imbedded within the 
FAS. complex to allow easy access of the 
NADPI to its binding pocket from the outside 
‘of the FAS particle, whereas its eatalytic enter 
is best accessible from the interior of the 
reaction chamber, where ACP delivers the sub= 
strates (Fig. 5E). The surface surounding the 
active site harbors many conserved resides, 
Which might represent a docking site for ACP 
(UM). Superposition of our NADP-bound ER 
structure with other FMN-containing TIM barrel 
‘oxidoreductases in complex with thei substrates 
(34, 35) reveals that the substrates wouk! 
sterically chish with the nicotinamide moiety of 
NADP", which suzgests that oxidized NADP* 
is likely released before enoyl-substrate bind 
ing. Such sequential and mutually exclusive 
substrate binding would imply a tworstep Ping- 
Pong catalytic mechanism for ER of type 1 
fungal FA 

The structure of the fungal ER also ratio- 
nalizes the observation that some pathogenic 
bacteria, such as Sireptococeus pneumoniae, 
display resistance to triclosan, a well-known 
antibiotic and inhibitor of the common Fabl- 
like ER (36, 27), These resistant bacteria lack 
the fabl gene present in triclosan-sensitive 

cleria, but instead have a different essential 
Interestingly. an alignment of 
FabK sequence andl fungal ER identifies FabK 
as a TIM-barrel-containing Mavoenzyme sim 
ilar wo fungal ER, having conserved FMN- 
interacting residues and the same proposed 
catalytic histidine (fig. $17). Therefore, th 
bacteria probably acquired an unusual, fungal- 
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related TIM barrel fok! ER that is not inhib- 
ited by triclosan. 

Topology of catalytic centers in the FAS 
assembly. For efficient catalysis by FAS, short 
diffusion distances for ACP during substrate 
transfer are crucial, as well as unhindered access 
10 actine site clefts. In onder to define the likely 
path of an individual ACP during the reaetion 
eycle, we measured the distances between all, 
catalytic sites in one reaction chamber and the 
two anchor points for one ACP domain, AF 
though the maximal extended length of the 
flexible linkers would allow ACP to reach many 
catalytic sites within the reaction chamber (2), 
fone comprehensive set of catalytic sites is 
located considerably closer to an individual sot 
‘of anchor points than any other combination of 
active sites (table $6), Morwover, the catalytic 
sites of this set ae distributed ina. cincular 
manner around the peripheral, clevated anchor 
point, and the substrate cles of the enzymes 
point toward the anchors (Fig. 6A). 

This proposed reaction pathway allows ACP, 
after substrate loading by AT or MPT, to reach, 
all subsequent catalytic centers in a clockwise 
motion when viewed fom the inside of th 
reaction chamber, mimoring the usual textbook 
depiction of the fatty acid synthesis cycle. Con 
sequently, afler one full action cycle, the acyl 
chain is back-transferred from ACP to the same 
KS far the next elongation step, and the grow 
ing fatty acid is not handed over from one ACP 
to another. 

The distances between the two ACP anchor 
points and the respective set of active sites is 
relatively uniform, 85 = 15 A for the anchor 
point within the central wheel and ~SS = 15 A 
for the anchor within the MPT (Fig. 6A and 
table $6), Nuclear magnetic wsonance experi- 
ments have shown that alanine- and profine-rich 
linker sequences have some degree of rigidity in 
solution (39, 40}. Single attachment of ACP 
would allow it to move within a sphere defined 


by the persistence length of the linker, However, 
the observed double attachment of ACP favors 
its movement along the intersection of the two 
spheres, which define a “low-enengy circle” per- 
pendicular to the vector that connects the anchor 
points, The length and the sequence of the 
linkers would affect the steepness of the thiee- 
dimensional energetic landscape around this 
circle and must have evolved to match the ap- 
proximately circular distribution of the active 
sites. A mechanical analogy to this mechanism 
‘woul! be a ball connected to separate anchor 
points via two differently sized springs whose 
Jength in relaxed state is greater than the distance 
between the nwo anchors, Without stretching oF 
compressing the springs, sueh a ball could ony 
Pivot around the axis that connects the two 
anchor points. 

It is evident fiom the topology of the a sub- 
Lunt in the FAS complex that foreach a chain, the 
KS catalytic cleft points into one, and the KR. 
active site imo the other, reaction chamber, 
Similarly, KS and the ACP anchors of the same 
subunit are located in different reaction com 
partments. Therefore, at least two ex chains are 
required for is (Fig. 6B). This is in 
agreement with early crosslinking experiments 
(4D, showing that dibromopropanone cross 
linking of the PPT group of ACP with the activ 
site eysteine of KS resulted in oligomerization of 
the FAS a chains, Inspection of the proposed 
pathway for ACP during a full reaction eycke 
shows that it encounters catalytic enzymes that 
are distributed not only across two a chains, but 
also over two B chains (Fig. 6B). only asingle fh 
subunit was involved in the reaction cycle, the 
‘overall travel distance of ACP would be consid- 
crably larger. 

The first high-resolution structures of type | 
fimgal FAS reveal the molecular basis of com 
partmentalized fatty acid synthesis in a complex, 
multicnzymatic megasynthase, These results 
‘now make it possible to evaluate this intende- 
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pendent system of enzymatic reactions ina 
Welldefined structural framework with a range 
‘of features that are not considered in single- 
enzyme catalysis. Moreover, detailed mechanis- 
tic questions regarding fatty acid synthesis by 
fungal FAS and related type | FAS enzymes 
(supporting onfine text) ean now be addressed 
with structure-based genetic and biochemical 
experiments, 
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Plastic and Moldable Metals by 
Self-Assembly of Sticky 
Nanoparticle Aggregates 


Rafal Klajn,’* Kyle J. M. Bishop,”* Marcin Fiatkowski,* Maciej Paszewski,> 
Christopher J. Campbell,? Timothy P. Gray,? Bartosz A. Graybowski™?t 


Deformable, spherical aggregates of metal nanoparticles connected by long-chain dithiol 
ligands selfassemble into nanostructured materials of macroscopic dimensions. These materials 
are plastic and moldable against arbitrarily shaped masters and can be thermally hardened into 
polycrystalline metal structures of controllable porosity. In addition, in both plastic and hardened 
states, the assemblies are electrically conductive and exhibit Ohmic characteristics down to 

~20 volts per meter, The self-assembly method leading to such materials is applicable both to 
pure metals and to bimetallic structures of various elemental compositions. 


though various techniques have been 
Asietisssntttinran 

the microscale, such as nanoparticle 
superlattices (/, 2) and three-dimensional erys- 


tals (3, 4), scaling up these procedures to 
freestanding, macroscopic materials (5) has 
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proven challenging. This situation contrast 
With the formation of ceramic “greenware: 
from colloidal particles such as clays, the 
interactions of which can hold the pari 
close together even during the dehydration 
and calcining steps that produce the final 
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prowuct (6), Here, we deseribe straightforward 
synthesis of such materials by a two-step method 
in which individual metal nanoparticles. first 
selfassemble into deformable spherical agere- 
gates Csupraspheres") and then “glue” together 
like pieces of clay into millimetersized struc- 
tures. Notably, not only are these macroscopic 
‘materials plastic and moldable into 
shapes, but they also can be electrically co 
ductive. In addition, because of the metastability 
of the spherical building blocks, they ean be 
thermally hardened and structurally evolved into 
porous, polycrystalline metal monoliths, The 
described methodology works well with nano- 
particles of more than one type and can be used 
to prepare both pure-metal and bimetallic 
materials 

‘We used spherical nanoparticle assemblies, oF 
ssupraspheres, similar to those prepared previous- 
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Fig. 1. Synthesis and properties of spherical nanoparticle aggregates. (A) 
Structure of the dithiol azobenzene cross-linker [4,4-bis(11-mercaptoun- 
decanory)azobenzene (ADT)] mediating self-assembly. (B) Scheme of the 
lightinduced self-assembly of metal nanoparticles (NPs) coated with DDA 
‘and ADT into supraspheres (for mechanistic details of this process, see SOM. 
test, sections 2 and 3) (C) Diameters (blue) and the wavelengths of maximal 
absorption Omar. fed) for supraspheres formed by UV irradiation of Au 
nanoparticles (yellow) covered with various numbers of ADT ligands. Below 
the critical number of ligands adsorbed onto each nanoparticle (here, ~20), 
the photoinduced interactions between nanoparticles are too weak to cause 
their aggregation, Above this limit, nucleation and growth of supraspheres 
occurs. (Inset) Suprasphere diameters, D, decrease with increasing 
concentration of ADT ligands. The abscissa has the total ADT concentration 
(both adsorbed and free ligands) and is logarithmic to emphasize the 
agreement of the experimental results with D ~ Cagr"¥ power law predicted 
by the nucleation-and-growth model (blackline). Error bars show mean + SD. 
(D) For metals exhibiting surface plasmon resonance (Au and AQ), 
‘aggregation is accompanied by a pronounced color change (as shown here 
for Au). The vials in the bottom row are solutions of supraspheres arranged in 
the order of increasing ADT/NP ratio and correspond to the points in the plot. 
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(€) Aspect ratios of height to width, hiv, of supraspheres placed on sitcon 
(200) increase with width. Solid line corresponds to the trend predicted by 
the Ramberg-Osgood model of suprasphere plasticity (for more details, see 
‘SOM text, section 4). (F) Side-view SEM images of two typical supraspheres 
‘on asilicon surface. Fig. 2. (A) Upon dewetting of a suprasphere solution 
from an inclined silicon surface, the supraspheres—similar to coffee dregs 
(24)—organize into bands. (Left) An optical micrograph of such bands 
wires") while still attached to the surface, Scale bar, 1 mm. (Inset) A 
freestanding wire washed off the surface with methanol. Scale bar, 0.5 mm. 
(Middle) SEM image showing the wire’s porous structure. Scale bar, 1 ym. 
(Right) A magnification of individual supraspheres. Scale bar, 200 nm. (B) 
Concentrated solution of the supraspheres can be molded against masters 
there, made of polydimethylsilaxane (PDMS)] of arbitrary surface reliefs 
‘and then peeled off onto 2 polyurethane film [Norland Optical Adhesive 
(NOA) no. 68]. (C and D) Optical and SEM images of microstructures 
prepared by molding Au or Ag supraspheres against an array of concave 
microlenses and an array of microgears. The freestanding gear and track 
pieces in the left panel of (D) were arranged manually after liberating from 
the polyurethane film. Scale bars, 200 jim. (E) Polypropylene miniature 
before (left) and after (right) coating with supraspheres. Scale bar, 1 mm. 


wwwsciencemag.org 


ly (7-9). For our purposes, however, we required 
that the supraspheres be structurally sturdy 
well as deformable and adhesive with respect, 
to one another. We expected that these proper- 


Fig. 3. (A) Typical load- 
displacement loops recorded during 
nanoindentation (Triboindenter, 
Hysitron Inc.) of (left a plastic wire 
(1mm by 170 jum by 30 ym) made 
of ~150-nm gold supraspheres and 
(ight the same wie after hardening at 
50°C for 12 hours. The compression- 
release hysteresis recorded before 
hardening indicates plastic deforma- 
tion, (B) SEM images corresponding 
to the graphs above show structural 
changes accompanying hardening. 
(© Hardened materials subject to 
further heating at 350°C melt and 
shrink to ultimately give a solid 
block of metal. The panels show the 
progression, from top left, to bottom 
left, to bottom right, and finally to 
top right. Scale bars, 200 nm. 


Fig. 4. Assembly schemes, SEM 
images, and energy dispersive 
analysis by x-rays (EDX) (Hitachi 
$3500) spectra of nanoporous 
materials made of (A) pure plati- 
num, (B) 1:1 gold-palladium, and 
(©) 3:1 gold-silver. To verify spa- 
tially uniform composition of the 
bimetallic materials, EDX spectra 
‘were taken by focusing the beam at 
different regions of the same sam- 
ple, a. arbitrary units. Sale bars, 
500 nm. 
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ties could be achieved by using long-chain 
dithiol cross-linkers (Fig. 1A), the terminal 
thiol (SH) groups of which are known to bind 
strongly to noble metal nanoparticles. The long 


Ffariness = 17 8 Hof 
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spacer connecting these groups should endow 
the resulting aggregates with flexibility. In 
addition, our linkers incorporated a photo- 
switchable azobenzene unit that allowed for 
precise control of the assembly process and of 
the dimensions of the forming spheres by ultra- 
Violet (UV) light 

In a typical procedure, we used 2. mM. 
solutions of metal nanoparticles (here, mosily 
Au, but also Ag, Pt, or Pd) in toluene, The 
nanoparticles were ~5 nm in diameter and had a 
dispersity of = 10% [suppor 
(SOM) text, section 1], We stabilized the 
solutions with 35 mM dodecylamine (DDA) 
ing agent and 10 mM didodecyldimethy!- 
ammonium bromide (DDAB) surfactant, Next 
under vigorous stirring, we added varying 
amounts (up 10 2.4 mM) of photoactive trans- 
azobenzene dithiol (ADT) ligands (Fig. 1B) 


to the solutions, Because excess surfactant 
and capping agent prevented the spontancous, 
cross-linking of nearby nanoparticles through 
their divalent ADT ligands, the unirradiated 
many weeks, Low- 


solutions were stable (10) 
power UV imadiation (365 
CD) caused rapid trans-cis isom 
the ADTS (Fig, 1B, cei d induced mo- 
lecular dipoles on the azobenzene units 
{electric dipole moment (1) = 4.4 debye for 
the cis (/2) form compared with 0 del 

ns}. causing th regs 
nk into supraspheres (Fig. 1B, right), 
[For detailed discussion of the forees medi 


molecules to 


und-growth mechanism, in which 
the free nanopanicles initially nucleated into 
small, thermodynamically stable clusters (un 
Jess smaller than a critical size) that sub- 
sequently grew by the addition of single 
nanoparticles until all nanoparticles available 
were used (13), The impor of this 
mechanism is that it allowed the control of 
sphere diameters (Piz. 1C) by changing 
the concentration of the nanoparticles and/or 
the concentration of the ADT cross-linkers 
(14, 15). Inthis way, we prepared supraspheres 
‘with diameters between about $0 and 300 nm 
(16) (Fig. 1. SO) 
Inespective of their sizes, the supmaspheres 
were highly deformable upon contact with other 
spheres (or surfaces) and despite being com. 
posed in ~92% weight by weight of metal 
(17)--had the mechanical properties ofa plastic 
solid. The plasticity was confirmed in two 
ways: (3) by nanoindentation of individual 
supraspheres and (ii) by the aspect ratios and 
contact angles of spheres adhered onto different 
substrates, always increasing with inereasing 
sphere size. Here, a systematic study of supra- 
spheres on silicon (100) surfaces indicated (Fig 
1, E and F) that their deformation is driven by 
short-ranged adhesion forces, and can be 
described by the so-called Ramberg-Osgood 
model (/) of initial elastic response followed 
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by irreversible, plastic deformation (SOM text, 
section 4). 

The plasticity and “stickiness” of the 
supraspheres enabled their further assembly 
into macroscopic materials (/9). This is shown 
in Fig. 2, where suprasphere solutions either 
Were dewetted from an inclined surface to 
leave behind an array of parallel “wires” (Fig. 
2A) or were first concentrated 10 between 0.1 
and 0.5% of the original volume and then 
molded against arbitrarily shaped and pat- 
tered masters (Fig. 2. B to E), Upon drying 
the solvent and washing with methanol to 
remove excess surfactant, the structures ob- 
tained could be gently pealed off the surt 
‘onto a polyurethane resin and then-me- 
cchanically detached to give freestanding mate- 
rials, Nanoindentation experiments revealed 
that similar to the supraspheres they comprise, 
these materials were plastic (with reduced 
modulus E, of few gigapascals and hardness 
Hof a few tens of megapaseals; Fig. 3, A and 
B, left panels). Atthe same time, they could be 
structurally evolved and hardened by miki 
thermal treatment (about S0°C) to give relae 
tively brittle, polycrystalline porous 
als (E_~ 10. GPa and Hl ~ 300 MPs 
and B, right panels), The plastic-to-porous 
metal evolution proceeded without noticeable 
changes in the materials’ overall dimensions 
and was the result of gradual desorption of 
DDA and dithio! molecules (20, 2/) and con- 
sequent fusion of nearby nanoparticles. com 
posing the materials 

Because this process was similar for plastic 
precursors assembled from supraspheres of dif 
forent sizes, it was possible to prepare hardened 
materials of different porosities. Seanning 
‘electron microscopy (SEM) analysis. showed 
that the pore sizes were commensurate and 
increasing with increasing diameters, D, of the 
‘suprasphere building blocks. At the same time, 
surface areas of the porous materials decreased 
slightly with increasing D and, as evidenced by 
Brunauer-Emmett-Teller measurements, were 
lypically several square meters per gram (e... 
8 mfg for porous Ag made of 80-nm Ag 
supraspheres). 

When hardening was continued at tem- 
peratures above 300°C, the pore sizes and the 
material's overall dimensions gradually de- 
creased! (by as much as 20%) to ultimately give 
a block of solid metal (Fig. 3C), During such 
heating, the material initially preserved its 
shape (up 10 about 10% shrinkage), but its fine 
structural details were Jost upon full melting 
Because of the adhesiveness of the supra- 
spheres, they not only assembled with one 


another but also readily coated various glasses 
and plastics (c.g, rubber and polyurethanes 


such as Norland Optical Adhesive, SU-8 photo- 
resist) dipped into suprasphere solutions. In 
‘one example of this capability (Fig. 2E). 
supraspheres formed uniform coating on a 
‘small polypropylene statuette. 
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In adgition 10 plasticity, moldability. and 
susceptibility to thermal hardening. our evolv- 
ing nanostructured materials exhibited electric 
properties reminiscent of semimetals. In both 
plastic and hardened states, these materials 
Were electrically conductive: they had purely 
‘Ohmic current density-fickd strength character- 
istics over a range of applied electric fields 
from 2 » 10° Vim down to 20 Vim; and the 
resistance decreased as the underlying structure 
evolved (SOM text). The observed Ohmic char- 
acteristics are in sharp contrast to those of 
‘other metal-insulator structures studied to date, 
which usually requirea threshold voltage (22, 2 
for conductance. 

Because our self-assembly approach al- 
lows for the use of different types of supra- 
spherical building blocks, all of the discussed 
methods and material properties could be 
extended to nanostructured materials com- 
posed of more than one metal—that is, to 
bimetallic materials (Fig. 4). In principle, such 
materials could be made either from mixtures 
of supraspheres of different types (c.g. all Au 
and all Pt) of from mixed supraspheres 
composed of different types of nanoparticles. 
In practice, however, the first method proved 
unsatisfactory because the different: metals 
often phase separated upon thermal hardening. 
In contrast, hardening of mixed supraspheres 
gave structurally uniform materials (on the 
scale of ~100 nm), in which the composition at 
every probed location was equal to that of the 
supraspheres used. In this way, we were able 
to prepare bimetallic monoliths of various 
combinations and proportions of Au, Ag. Pt 
and Pd. Two representative examples Au 
and PU C11) and Auand Ag (3:1) are shown 
in Fig. 4, Band C. We believe that because of 
their high porosity, these materials may find 
uses in separations science and in heteroge- 
neous catalysis, in which the application of 
multicomponent “nanofoams” to catalyze 
riultiple (or multistep) reactions seems partic- 
ularly interesting. 


References and Notes 

1 C). Waly o ob, Neture 396, 444 (1998). 

2. EV. Shevchenko eto, Noture 439, $5 (2008), 

3. AML abi et ol, Sdence 312, 420 (2008) 

4 CB Murray, CR Kagan, MG. amend Science 270, 
1335 (1995). 

5, F Stella, Not. Mat. 4, 113 2005). 

66. W.D. Kingery, H. K. Bone, 0. R. Ubiman, Introduction 
1 Ceramics te, Hew York 1976). 

7. AK Bol et ol, Nature 404, 786 2000), 

1 Mussain, 2 2C Wang. AL Cooper, ML. Brust, Longmvir 
2, 2938 2006). 

9. MM. Maye etal, J. Am. Chem, Soc. 127, 1519, 

(2005). 

{cess DDA and DOA helped wo minimize van der Waals 

{aH forces between the ranopartcies by redciog the 

elect contrat (Ae) beteen the eanoparties and 

the stvent. Without this stabiicing effect. the magitade 

ve interactions cou be greater han by, where fy 

the Bettman constant and Tis temperature (eg. wth 2 

Hamaker constant A = 0.4 x 10° } for iteacting 

kane chain molecules in fluene, Ea ~ 2), andthe 


‘anoparices would clamp even inthe absence of 
iain. idee we verted expeimertally that 
‘eth exessDDA an ODAB, the nanoparticle slusons 
‘Be unstable ad precptate rapidly give darted, 
‘ac sonder aggregates. 
Lomponer radiation or pss of upto several tens of 
ites didnot cause desorption ofthe his from 
nanoparticle sraces, With mare intense sources of UV 
light (250 mile) Fat elevated temperatures, 
however desorption was observed, and the nanopatices 
‘calesced into ger particles and aggregates that 
precptated fom salut. 
12, X Tong, 6. Wang, A Solder, ¥. Zhao, J Phys. Chem. B 
109, 20281 (2005, 
13, The radeationand-romt mechanism applies otis 
‘stem oly at short time sales, during which the 
‘upraspheres actemble by meant of dipole-dipole 
inteactons to consume al re anopaties nslution. 
‘At longer time scales, the suprashere aggregates 
‘become “cemented” by diol cosy inks and cannot 
‘calesce wth ane anche o achieve fl hase 
separation 
ecouse the numberof nucleation sitesi roportional 6 
the conceriation of AD, the suprasphere meer 
scales ith the concentration of ADT aD ~ Gy. 
0. Rashchie, Nucleation: Bosc Theory with Applications 
(Gatteort-Heinemson, New York, 2000), 
Ught-ontrledsetlassembly gave suprasperes of 
salle ders than leave meh deibed 
inthe ieratre =, As, we vered tat spheres 
‘connected by sore ith ands were les sticky” 
‘nd required prlange heating at high temperatares in 
‘der to set asemble into lage structures. These 
‘properties made such wpraipheres unsuitable for the 
‘mag experiments we conducted. 
‘Metal weight percent mas estimated from tht of 
‘underig gold nanopaties, Specialy, for 
spherical corel nanoparticle wth acre of ads 
R= 2.8 om and densty 9, = 193 gen! or go) 
‘nd wth sell-asembled monolayer (SAN) of thickness 
=1.4 fo and deity poe ~ 0.73 (tinea 
Iydrcarbos the weight percentage af metal may be 
estimated 25 9.A?/ 08! + Pos (Riau ~ R2)| ~ 0.92. 
‘Simi values are expcied for athe rable mets 
H.W. Rasa Jr RW Armstrong, Deformeble Bods 
‘nd Tei Material Behav (Wey, New York, 2008 
‘When nanoprtices mere simply crostnked thot 
Aemig the intermediate supraspheres they formed 
‘prepttes Hat could not be assembled, molded, oF 
tarde 
Ve tft, PG Ohara Heath, WM. Gear J Phys 
‘Chem. 99, 7036 (1995). 
21. HM Seheser, 0.5. Karpov G1 Blanchard, J. Am. 
hem Soc. 118, 9645 1990 
22, For metal/insdatr structures of dimensions comparable 
1 ou supraspheres,thethresold vollages epi were 
‘theater of ~2 10" Vin leg, 23). 
1 Beck eo, Ap Phy lett 77,139 (2000) 
0. Deegan to, Phys fev E Sto. Phys lass 
Fuids Reo. nerd. Topics 62,786 (2000). 
‘We thank ML Rater and GC. Shit fr heh 
‘cussions, a5 wel a 5. Smoukov for his help wth 
‘ancindenation experiments. This work as supported 
by the NSF CAREER (15-0547633) nad, 3M Non 
Tenure Facity Ana, the Pew Scholarship, and 
SioanFeloniip fo BAG). RK. was supported bythe 
NS under the Northwestern Materials Research Science 
‘2nd Engineering Center Anard. KM. was supported by 
the NSF Graduate Fellowship. CC. as supparted bya 
Nerdmesen Unveraty Peer Fliowshn 


vy. 


2. 
rr 


a. 


‘Supporting Online Materiat 
nw scenes ore onten Vul/316/5 822/261/0C2 


21 December 2006; accepted 6 March 2007 
10. 126/cience 1139131 


wwrwsciencemag.org 


Optimizing the Laser-Pulse 
Configuration for Coherent 
Raman Spectroscopy 


Dmitry Pestov,"* Robert K, Murawski,’* Gombojav 0. Ariunbold,” Xi Wang,” 


‘Miaochan Zhi,” Alexei V. Sokolov,* Vladir 


ir A. Sautenkov,? Yuri V. Rostovtsev,** 


‘Arthur Dogariu,? Yu Huang,? Marlan 0. Scully 


‘We introduce a hybrid technique that combines the robustness of frequency-resolved coherent 
anti-Stokes Raman scattering (CARS) with the advantages of time-resolved CARS spectroscopy. 
Instantaneous coherent broadband excitation of several characteristic molecular vibrations and the 
subsequent probing of these vibrations by an optimally shaped time-delayed narrowband laser 
pulse help to suppress the nonresonant background and to retrieve the species-specific signal. We 
Used this technique for coherent Raman spectroscopy of sodium dipicolinate powder, which is 
similar to calcium dipicolinate (a marker molecule for bacterial endospores, such as Bacillus 
subtilis and Bacillus anthracis), and we demonstrated a rapid and highly specific detection scheme 
that works even in the presence of multiple scattering. 


fhe Raman vibrational spectrum of mok 
| ecules provides an excellent fingerprint 
for species identification. Because of the 
Raman effect, lowerffequency (Stokes) radiation 
is emitted (Fig. 1A) when light iradiates a mot- 
cccule, The signal is weak, but with the advent of 
powerful lasers, spontancous Raman spectrosco- 
Py became a useful technique, 

When the molecules are put into coherent 
‘oscillation by a par of preparation pulses (pulses 
1 and 2 in Fig. 1B) and a third pulse is scattered 
olf of this coherent molecular vibration, strong 
anti-Stokes signal (pulse 4) is generated (Fig 
1B), This process is called coherent antieStokes 
Raman seattering (CARS) [(/-3) and references 
therein 

Unontunately, CARS fiom the mokcules 
‘of interest is frequently obscured by the non- 
resonant (NR) four-wave mixing (FWM) signal 
from other molecules (Fig. 1C), or even from 
the same molecules, because of contributions 
from multiple offsresonant vibrational modes 
and the instantaneous electronic response. This 
unwanted NR-FWM is often much stronger 
than the resonant signal because there ane 
Lisuially many more background molecules than 
target molecules. Fluctuations of the NR back- 
‘ground can, and frequently do, completely 
Wash out the CARS signature (4). A variety 
‘of methods, including polarization-sensitive 
techniques (5) and heterodyne (6, 7) and inter- 
forometric (8-17) schemes, have been devel: 
‘oped to increase the signab-to-hackround ratio 
However, these methods donot work well in 
the presence of strong multiple scattering in 
rough sumples because seattering randomizes 
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spectral phases and polarization. For this reason, 
applications of CARS for rapid detection and 
recognition of strongly scattering media, such 
as anthrax spores, have often been deemed 
impractical 

In our recent work, we have developed tech- 
niques for maximizing the coherent molecular 
‘oscillation and minimizing the NR background, 
A sequence of femtosecond pulses is used $0 
that pulses | and 2 prepare a coherent molecular 
vibration (comesponding to a particular mode 
‘oscillation and a third time-<delayed probe pulse 
is scattered off of the oscillation, yielding the 
anti-Stokes signal. By delaying the third pulse 
relative to the first two, the NR FWM signal is 
eliminated. The combination of shaped prepara 
tion pulses and att ultrashort time-delayed probe 
ube maximizes the signal and lessens the 
‘background contribution. We call this approach 
femiosecond adaptive spectiscopic technique 
via CARS (FAST-CARS) (/2). The definitive 
fingerprint information is retrieved from the 
probe-delay dependence, but the delay tuning 
slows down the acquisition and makes the tech- 
nique vulnerable to fluctuations. 


Fig. 1. Level diagram 
and schematic of different 
scattering processes. on 
simple molecules. tn this 
‘example, CO is a target 
molecule and SO is a 
background molecule. 
(A) Incoherent Raman 
scattering (pulse 2) was 
derived from laser pulse 
1 scattering of ofthe CO 
molecule. (B) CARS signal 
4 was derived from probe 
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In the present work, we used ultrashort 
(30 f5) transform-imited pulses | and 2 for 
‘uniform broadband Raman excitation and a 
tailored narrowband (several hundred femto- 
second long) probe. We used a multichannel de- 
tector to simultancously record the anti-Sokes 
signal at all optical frequencies within the band 
of interest, These modifications allowed us to 
discriminate between the resonant contribution 
and the NR background, as is explained below, 
and to extract the CARS signal even at zero 
probe delay. Furtherma ing this meth- 


to suppress the interfering FWM and associated 
noise. 

This combination of broadband preparation 
and frequency-resolved multichannel acquisition 
(Z3- 16) with time-delayed narrowband probing 
yiekls a very sensitive and robust technique that 
allows us te identify bacterial endospores, such 
as anthrax, in real time, We refer 10 this tech 
nique as hybrid CARS for short, and we used it 
to study the Raman signature of endospon 
‘which is dominated by the contribution from the 
dipicolinic acid (DPA) molecules. 


In onder to provide better insight into the 
advantages of the proposed scheme, we review 
ow a few important aspects of the theory 


behind CARS, which has been extensively 
described elsewhere (U3, 8, 1, 14, 17). In 
general, the thint-order polarization induced by 
the pump, Stokes. and probe pulses 
into resonant and NR. conttibutions 
sume that there are no one-photon resonances 
involved, the NR part can be attributed w the 
instantaneous electronic response and a sum 
‘over the contributions fiom fir-etuned Rat 
transitions. The resonant pat of the third-onder 
polarization is atributed to the Raman trans 
tions of interest. The NR component. zy. Of the 
ponlinear suscepibilty is usually frequeney- 
insensitive within the considered spectral band 
and can be trated as a constant. The resonant 
component 7, under the 
Lorente-shape Raman lines, 

Bom 0) = ¥,A,Ty/|Q)~ (eo, 0n) 10), 
‘where @ and are the pump and Stokes laser 


pulse 3 scatering off of the CO molecular vibration, coherently prepared by pulses 1 and 2. (©) One of the 
Possible channels for the NR background generation in SO. c, the ground state of the CO molecule; b, the 
target vibrational state of the CO molecule; ¢, the ground state of the background molecule; ban offresonant 


‘vibrational state of the background molecule. 
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frequencies, jis the summation index over all 
covered Raman transitions, jis a constant 1e- 
lated tothe spontancous Raman cross section of 
the /th Raman transition and molecular density 
Ty denotes the th Raman line half-width, 8 
denotes the jh Vibrational frequency (17), and 
i= V1, The summation is held over all of the 
Raman transitions involved (17). 

In the frequency domain (8), the third 
order polarization Pe) can be written as 


PPK) = Fo) + Pa) = [Pda x y+ 


LIQE(o- 2)» Sip(Q), whee PQ is the 
NR component of the polarization, Ps the 
resonant component, E3(o) is the spectral am- 
plinde of the probe pulse, and Sip(2) = 


Jy dt = €y (0! \E3(0F ~ 92) i the convolution 
‘of the pump and Stokes fick! amplitudes, E; (0) 
‘and £,(0). The signal arising from the nonlinear 
response of the medium is proportional to 
P(@)?, so the spectra generally have com- 
plex shapes caused by the interference between 
both resonant contributions trom different vibra 
tional modes and the NR background. A straight- 
forward analogy with the spontaneous Raman 
spectra can be made only for well-separated tines 
With no NR background, Otherwise, the dict fit 
of the reeorded CARS spectrum is require for 
Raman spectrum retrieval (/8). 

‘The convolution of the pump and Stokes 
spectra, 819(£2), enters the two parts of the third 
‘onler polarization on equal grounds. It defines a 
Raman frequency band covered by the prepara 
tion pulses and is: maximized for transform 
limited one pulses with the constant 
spectral phase. The difference between the two 
‘contributions comes from the susceptibility and 
‘can be enhanced by the use of a properly shaped 
probe, One way to proceed is to modify the 
spectral phase of the probe pulse, as it was 
demonstrated by Oron et al. (2). Another way, 
which seems 10 be more robust and straight- 
forward, is to shape its spectral amplitude, 
1Es(o)|. as we did in our experiment. If a 
narrowband probe is applied together with 
the broadband transtorm-limited preparation 
pulses, the NR contribution inherits a smooth, 
feature 2) with some ehar- 
acteristic width Avy2, whereas the resonant 
part generates a set of narrow peaks (one for 
ich excited vibrational mode) whose width 
determined either by the Raman linewidth 
‘or the probe spectral width, Ao, whichever is 
greater. 

‘The amplitude ratio between the resonant 
signal and the NR background at a Raman- 
shifted frequency is also allected by the spectral 
‘width of the probe pulse, At the zero probe delay, 
the ratio is inversely proportional to the square 
‘of the probe spectral width when the last one is 
in between the Raman linewidth and the width 
‘of the pump-Stokes convolution profile (ic, 
T << Aus << Aen) and the probe-pulse en- 
ergy is fixed. This ratio saturates at the limits 


13 APRIL 2007 VOL 316 SCIENCE 


and leads to a superior but finite signal-to- 
‘background ratio forthe optimum probe width on 
the onfer of the Raman Tinewihh. 

The present measurement strategy combines 
the benefits of frequency-resolved CARS signal 
<iscrimination against the NR FWM (pointed out 
above) with the NR background suppression {as 
in time-resolved CARS [(/9-22) and references 
therein]. Indeed, when the probe delay is ad- 
jjustable, futher optimization is possible. In the 
pline of two parameters (the probe-puilse durs- 
tion and its delay), the resonant response peaks 
for both parameters on the order of the inverse 
Raman linewidth, However, the NR FWM at the 
Raman-shifted frequency is maximized for zero 
probe delay, and the probe-pulse duration is 
‘matched to the time span of the pump-Stokes 
convolution profi 


2-1012-2-1012-2-1012 


As mentioned above, we can eliminate the 
[NR background by just delaying the probe pulse, 
which gives a theoretically unlimited signal-o- 
background ratio, Unfortunately, this approach 
does not properly optimize the resonant contri- 
bution, and we can end up with no detectable 
signal at all, We suggest the simultaneous use of | 
the two parameters (the probe-pulse duration and 
its dolay) to achieve close-to-optimal resonant 
response with reasonable suppression of the NR. 
background. The actual optimal values of the 
parameters depend on the Raman linewidth, the 
sensitivity of the setup used, and the relative 
strength of the resonant and NR susceptibilities, 
Proper tailoring of the probe pulse can help to 
reduce the contribution of the NR background for 
robe delays comparable to the pulse length. For 
example, a ectangularlike spectrum gives a sine- 


Probe pulse delay (ps) 


Fig. 2. CARS spectrograms recorded on NaDPA powder at different pump wavelengths. The CARS 
spectrum is shown as a function of the probe-pulse delay for the pump wavelength ia = 712, 722, 
732, and 742 nm, respectively (left to right). The other parameters are: pump, full width at half 
maximum (FWHM) ~12 nm, 2 i) per pulse; Stokes, 2g = 803 nm, FWHM ~32 nm, 3.9 j) per pulse; 
probe, As = 577.9 nm, FWHM ~0.7 rim, 0.5 1) per pulse. The integration time was 1 s per probe- 


delay step. 164 = 1 « 10°. 


Fig. 3. Cross sections of the 
CARS spectrograms from 
Fig. 2 for two probe delays, 
(A) 0 ps and (B) 15 ps. The 


observed in the CARS ex: 
periment and spontaneous 

Raman measurements, are 1000 1500 1000 1500 1000 1500 1000 1500. 
summarized in Table 1. CCD, Raman shift (em") 
charge-coupled device. 
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squad temporal profile of the probe-pube in- 
tensity, which goes as 'sin( Aext/2)/(Aet/2)]* 
with the time 1. Putting the preparation pulses 
in one of its nodes would result in the effective 
suppression of the NR background. 

‘We compromise between the resolution, sig- 
nal strength, and the extent ofthe NR background 
suppression, On a single-shot basis, the spectral 
resolution is usually determined by the probe 
bankhvidth. However, this is not an intrinsic limit, 
and much better resolution can be achieved by 
recording the ant-Stokes spectrum while varying 
the probe-pulse delay, if the measurements ane 
not overwhelmed by the fluctuations. 

‘As mentioned above, we applied the devel- 
‘oped technique in the context of the spore de 
tection problem. A marker molecule for bacterial 
spores is cakium dlipicolinate (CaDPA), which 
accounts fo 10 to 17% of the bacterial spore dry 
\Weight (72), We focus here on NaDPA, which is 
easior to make and is a good! surogate for 
CaDPA, The spontaneous Raman spectrum of 
‘aDPA exhibits a similar set of strong Raman 
lines as that of CaDPA. Both differ somewhat 
fiom the Raman spectrum of DPA itelf (23), 
‘The important point is that akhough enddospores 
are fairly complex. in structure, their Raman 
specirt are dominated by several vibrational 
modes of CaDPA. 

‘The details on our implementation of the hy 
brid CARS technique and the setup schematics 
ean be found online (24). The CARS spectra of 
NaDPA powder as a finetion of the probe-pulse 
delay are shown in Fig. 2, The spectrograms were 
taken at diflerent pump wavelengths to cover the 
\whole spectri-fingemrint region of the molecule 
(800 to 1700 em"), Streaklike horizontal fines are 
the signature of excited NaDPA Raman transi- 


Fig. 4. CARS on B. subtilis spores at zero probe 
delay. The resonant contribution was retrieved by 
fitting the NR background with a smooth curve and 
subtracting it from the total acquired signal. The 
sample used was a pullet of spores fixed in 2 
rotating sample holder. The pump wavelenath, i, 
‘was varied from 712 to 742 nm. Other parameters 
‘were the same as those for Fig. 2. The integration 
time was 2 min, The comparisons between the 
retrieved Raman frequencies and the available 
spontaneous Raman data are given in Table 1. 
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tions. The broadband podestal is the NR. back- 
ground. As expected, the tuning of the pur 
wavekngth spectrally shifts the NR_FWM but 
Jeaves the positon ofthe resonant fines untouched. 
‘Ako, the resonant and NR contributions exhibit 
siflerent dependencies on the probe delay, The 
magnitude of the NR hackground is determined 
bby the overlap of the three laser pulses and follows 
the probe-pulse profile. However, a relatively long 
decay time of the Raman transitions under con- 
sideration favors their long-lasting presence and 
makes them stand out when the probe is delayed. 

The eross sections of the spectrograms at 
two different probe delays are given in Fig. 3. 
‘The integration time foreach of those is only 1s. 
When the three pulses are overlapped (zero 
delay), the resonant contribution is severely dis- 
torted by the interference with the NR FWM. 
Delaying the probe by 1S ps—that is, putting 
the preparation pulses into the first node of the 
sine-shaped probe pulse improves the signal- 
to-background ratio by at least one order of 
magnitude. fn this ease, the NR. background 
suppression is limited by multiple scattering that 
scrambles the timing between the preparation 
and probe photons. 

The absolute frequencies of the observed 
Raman transitions calculated from the retrieved 
[peak positions and the probe wavelength are 
summarized in Table 1. Comparison with the 
ata from spontancous Raman measurements 
shows a remarkably good match, 

Extracted CARS contributions from our first 
measurements on Bacillus subilis spores (4 sur- 


REPORTS [ 


rogate for anthrax), in which we maximized the 
signal rather than the signal-o-background ratio, 
are summarized in Fig. 4. The Raman peaks are 
‘not normalized on the strength of the excitation 
and thus have an imprint of the pump-Stokes 
spectral convolution function, which sweeps 
through the Raman band from $00 10 1700 em? 
‘while the pump wavelength is tuned. We assign 
the Raman transitions in the band (Table 1) and 
compare the retrieved line positions with the 
known positions from spontaneous Raman mea- 
surements (25, 26), Within the estimated © 
perimental uncertainty of 15 em”, the values 
ae in good agreement, The data shown in Fig. 4 
‘were acquired at ze probe delay over 2 min, 
although the Raman fines stand out fiom the 
background even aftera few seconds of intezn- 
tion. Under similar experimental conditions, the 
signal arising from spontancous Raman scate 
ing is weaker by a few orders of magnitude ant 
typically requires a longer integration time than 
the CARS signal 

To place the present work in context, our 
approach comes fiom the superposition of wo 
\welhknown techniques developed over the past 
few decades and employed for combustion dix 
‘agnostics [(/. 27, 22) and references. therein} 
and chemically selective microscopic biologica 
imaging (27, 28), Mulifequeney acquisition 
thas been implemented in so-called broadband or 
inuliplex CARS (14-17), where together wit 
the multichannel detection, a combination of 
narrowband pump-probe and broadband Stokes 
pulses is used to address a wide range of vibra- 


Table 1. The observed Raman peaks and their calculated absolute frequencies for NaDPA and 8. 
subtilis spores. The third column lists the frequency values from spontaneous Raman measurements, 


is CARS ‘Spontaneous 
tery Raman shift Raman shift 
(i) (em) 
‘NaDPA powder 
5297 1575 ase 
5335 1440 aaare 
534 1395 1395" 
540.8 1187 1199 
5418 1153 aas2*, 1157" 
543.9 1082 1087" 
546.2 1004 1007" 
5519 215 817", 827" 
B. subtilis spores 
5278 1643 1655t, 16244 
5299 1568 1572, 1581¢ 
5312 1524 15394 
533.6 1437 1445, 14474. 
535.2 2381, 1395t, 13964 
5373 1308, 1280 
5393 1239 1245+ 
540.7 191 a92t 
543.9 1082 
546.4 998 ‘001f, 1013 
9814, 1018 
5518 219 e22t 
Tee fgue Zi 20, from BS. Fivon G8). 
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tional frequencies. In this degenerate scheme, 
the NR background has been addressed by 
means of the polarizationsensitive and interfer- 
‘ometic techniques mentioned above. 

‘A delayed probe has been used in time- 
resolved CARS (9-22), That technique uses 
Ultrashort pulses for preparation and probing. Its 
ultimate source of species-specific information 
is multimode interference in the probe-delay 
nal profile, generally refered to as quantum 
ts (/9). Time-resolved CARS eliminates the 
NR contribution by delaying the probe pulse. 
but the technique still remains vulnerable to 
Auctuations. It has been successfully applied to 
polycrystalline and opaque solids (29) to ob- 
serve vibrational dephasing of single excited 
Raman transitions. However, the use of the 
‘multimode interference pattem for spacies recog 
nition requires the ability 1 record high-quality 
‘quantum-beat profiles over a relatively. lange 
probe-delay span and therefore is challenging: in 
the presence of scattering and fluctuations, 

Im our scheme, generalized broadband or 
inuhiplex CARS tehnigue is combined with 
background suppression by means of an optimal 
sequence of coherent excitation and time-delayed 
probe pulses. A schematic overview, pointing out 
the similarities and differences of the relevant 
‘established sehemes and the one introduced here 
is available online [figure S3 in (24), Inshort, we 
verge trom the conventional broadband CARS, 
arrangement and deal with the probe and the two 
preparation pulses, pump and Stokes, separately 
By adjusting the probe-pulse delay and its 


spectral width, we suppress the NR background, 
as in time-resolved CARS, but keep the advan- 
tages of the ffequency-resolved multiplex CARS 
spectroscopy. The experimental dita demonstrate 
the efficacy of the ultrafast broadband excitation 
and time-variable narrowband probing, whereas 
the described implementation supports the versa 
tility of the technique. 
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Designed Synthesis of 3D Covalent 
Organic Frameworks 


Hani M. El-Kaderi,? Joseph R. Hunt,” José L. Mendoza-Cortés,” Adrien P. Cété,* 
Robert E, Taylor, Michael O'keeffe,” Omar M. Yaghi™* 


Three-dimensional covalent organic frameworks (3D COFs) were synthesized by targeting two nets 
based on triangular and tetrahedral nodes: ctn and bor. The respective 3D COFs were synthesized 
a crystalline solids by condensation reactions of tetrahedral tetra(4-dihydroxyborylpheny) 
methane or tetra(4-dihydroxyborylphenyisilane and by co-condensation of triangular 
2,3,6,7,10,11-hexahydroxytriphenylene, Because these materials are entirely constructed from 
strong covalent bonds (C-C, C0, C-B, and B-O), they have high thermal stabilities (400° to S00°O, 
‘and they also have high surface areas (3472 and 4210 square meters per gram for COF-102 and 
COF-103, respectively) and extremely low densities (0.17 grams per cubic centimeter). 


together by means of covalent bonds to 

isolate crystals of discrete 10-dimensional 
(OD) molecules and 1D chains (polymers) is well 
established; however, it is undeveloped for 2D 
3D COFs (/). COF structures that contain 
light elements (B, C.N, and O) should beable to 
‘combine the thermodynamic strength of covalent 
bonds. as those found in diamonds and boron 
carbides, with the functionality of onganic units. 
Progress in this area has been impeded by long 


T: chemistry of linking organic molecules 
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standing practical and conceptual challenges. 
First, unlike OD and 1D systems, the insolubility 
‘of 2D and 3D structures precludes the use of step- 
Wise synthesis and makes their isolstion in 
erystalline form very difficult. Second, the 
nutiber of possible structures that may result from 
linking specific building-mit gcometrics into 2D 
‘of 3D extended structures is essentially infinite 
and complicates their synthesis by design. 

We recently illustrated how the first challenge 
could be overcome by judiciously choosing 


building blocks and using reversible condensa- 
tion reactions 40 crystallize 2D COFs in which 
‘organic building blocks are linked entirely by 
strong covalent bonds (2). Here we report how 
the design principles of reticular chemistry 
‘overcome the seoond challenge (3): Two nets 
‘based on the linking of triangular and tetrahedral 
shapes were selected and targeted for the 
synthesis of four 3D COFS, 

Self-condensation and co-conlensation reac- 
tions of the rigid molecular building blocks, the 
tetrahedral feira(4-dihydroxyborylpheny hmeth- 
ane (TBPM), and its silane analog (TBPS), and 
triangular hexahydroxytriphenylene (HHT) 
(Fiz. 1. A to C) provided crystalline 3D COFs 
(termed COF-102, COF-103, COF-105, and 
COF-108). These COFs are the most porous 
among organic materials, and a member of this 
series (COF-108) has the lowest density reported 
‘of any crystalline material, Without our a priori 
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knowledge of the expected underlying nets of 
these COFS, their synthesis by design and the 
solution of their structures from powder x-ray 
diffiaetion (PXRD) data would have been 
prohibitively difficul. 

Tn planning the synthesis, we chose the 
tetrahedral building blocks (Fig, 1, A and B) 
and the triangular unit Fig. 1C), because they ane 
rigid and unlikely to deform during the assembly 
reaction, Dehydration reactions of these units 
produce triangular ByOs rings and C;0,B rings 
(Fig. 1, Dand F), Based on these building blocks, 
wwe envisioned two kinds of reactions in which 


cither of the tetrahedral blocks (Fig, 1, A and B) 
undergoes selfcondensation or co-condensation 
With the triangular unit (Fig. 1C) 10 give COF 
structures based on nets with both tetrahedral and 
triangular nodes (Fig. 1, D and E), 

In principle, there are an infinite number of 
possible nets that may result from linking 
tetrahedra with triage. However, our analysis 
‘of previous assembly reactions suggests that the 
most symmetric nets are the mest likely to result 
in an unbiased system and that those with just 
‘one kind of link will be preferred and are thus the 
best to tanget (3). In the present ease of linking 


Fig. 1, Representative condensation routes to 3D COFS. Boronic acids are shown as tetrahedral 
building units (A) and (B)], and a planar triangular unit (C) is also shown (polyhedron in orange 
‘and triangle in blue, respectively), including fragments revealing the B,03 (D) and the C,0,8 (E) 
ring connectivity in the expected linked products. These building units can be placed on the ctn (F) 
and bor (G) nets, as shown in the corresponding expanded nets (H) and (), respectively. 
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tetrahedral and triangular building blocks, the 
only known nets meeting the above eriteria are 
those with symbols etn and bor (Fig. 1, Fand G) 
(A). The nodes ofthe nets are thus replaced by the 
molecular building units with tetrahedral and 
angular shapes (Fig. 1, Hand 1), The use of 
rigid, planar triangular units, such as ByOs rings, 
requires that rotational freedom exist at the 
tetrahedral nodes for the 3D structures etn and 
bor to fon. 

We then used Cerius? software to draw the 
“blucprinis” for synthesis of COFs based! on etn 
and bor nets by fiting molecular building blocks 
(Fig. 1, A and B) on the tetrahedral nodes and 
by fitting the triangular unit and the BsOs ti 
(Fig. 1, Cand D) on the triangular nodes of these 
riety ahering 10 their respective cubic space 
group symmetries: /43d (etn) and P43 (bor). 
Energy minimization by means of force-field 
calculations was performed! 10 produce the mod 
fs in which all bond lengths and angles were 
found to haye chemically reasonable valley (5), 

Synthesis of the COFs was carried out by 
saspending cither TBPM or TBPS in mexitylene! 
dioxane. The suspensions were placed in partially 
evacuated (150 mor Pyrex tubes, which were 
scaled and heated (85°C) for 4 days to give white 
cxysalline COF-102 and COF-103 in 63 and 73% 
yickls, respectively. Similarly, co-condensation 
‘of TBPM or TBPS with HTP (3:4 molar ratio) 
produced given crystalline solids of COF-108 
(88% yield) and COF-108 (85% yield) (6), The 
colors of COF-105 and COF-108 likely arise 
from the possible inclusion of a small amount 
‘of highly colored oxidized HIHITP in their pores. 
‘The use of dioxane and mesitylene in their e- 
spective ratios was necessary to control the sole 
bility of the starting materials and to maximize 
crystallinity of the products. 

‘To show that the products of synthesis a 
indeed covalently linked into the designed! struc- 
tures, we studied the materials by PXRD, spectros- 
copy, microscopy. elemental mictosalysis, ane gas 
adsorption (6)..\ comparison of PXRD pattems of 
modeled COFs to those observed for the products 
of synthesis (Fig. 2, .\ to D) reveals that they are 
indeed the expected COFs with eta or bor type. 
The observed PXRD patterns display narrow fine 
‘widths and low signal-to-noise ratios indicative of | 
thchigh crystallinity of COFs. A marked degree of 
comespondence between peak pesitions and in- 
tensties is also observed, substantiating that the 1, 
B, G, and O atomic composition and positions 
the respective modeled unit cells are comet. The 
PXRD data of the COFs could also be indexed, 
yickling unit cell parameters nearly identical to 
those calculated from Cerius* (table $5). 

To further verify the unit cell parameters, 
PXRD pattems were subjected to model-biased 
‘Le Bail fall patern decomposition to extract the 
structure factor amplitudes from the x-ray data. 
For this procedure to be successful and yield 
acceptable reliability factors, a close eorespon- 
dence in peak position and intensity between the 
‘model and the experimental data is required. All 
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peaks undergo some broadening because COF 

ystalites have micrometer dimensions (7). 
fier accounting for line broadening inthe initial 
stages of Le Bail extractions, r 
experimental profiles readily converged with 
ment of the unit cell parameter, a. Refine- 
ments for all structures led, again, 10 values 
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nearly identical to those calculated from Cerius” 
(table $5). Too few peaks were available to 
perform full Rietveld refinement of atomic 
positions and thermal parameters. Nonetheless, 
8 near equivalence and ow uncertainty [esti- 
mated SD (table S5)] between cakculsted and 
refined cell parameters, in adkiton to the facile 
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and proper fit ofthe refined profiles [as ind 
by statistically accepiable residual factors (table 
'S6)], support the assertion that the COF struc 
tures are indeed those identified through model 
ing (Fig. 2: atomic coordinates in tables SI t0 S4). 

‘The covalent linking of building blocks 
through expected six-membered ByOs boroxine 


COF-105, " 


Fig. 2. Observed (experimenta and refined PXRD profiles for evacuated 
samples of COF-102 (A), COF-103 (B), COF-105 (©), and COF-108 (0), 
Cerius?, with observed profiles in 
black, refined profiles in red, calculated patterns in blue, and the difference plot 


including patterns calculated with the use of 


Fig. 3. Atomic connectivity and structure of crystalline 
products of COF-102 (A), COF-105 (B), and COF-108 
(©, based on PXRD and modeling. Hydrogen atoms are 
/. Carbon, boron, and oxygen atoms are represented as gray, orange, and red 


omitted for clarit 
spheres, respectively. 
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(COF-105 


{observed minus refined profiles) in turquoise. 20, Bragg angle in degrees. Left 
insets) Expansion of observed PXRD profiles. (Right insets) 
‘spectra (in parts per million) of COF (top trace), model compound (middle trace), 
‘and boronic acid (bottom trace) used to construct the corresponding COF. 


'B MQ MAS NMR 
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‘or five-membered C202B boronate ester rings in 
the COFs was assessed with Fourier transform 
infrared (FTIR) and multiple-quantum magic 
angle spinning nuclear magnetic resonance 
(MQ MAS NMR) spectroscopies. FTIR spectra 
of all COFs contain strongly attenuated bands 
arising from boronic acid hydroxyl groups 
indicative of successful condensation of the 
reactants (figs, S14 10 S17), COFs prepared from 
self-condensation reactions all exhibit the diag- 
nostic band at 710 em’! for the out-of-plane 
deformation mode of boroxine rings. Co- 
condensed COF-105 and COF-108 products 
have strong C-O stretching bands at 1245 cm”! 
(COF-105) and 1253 cm ' (COF-108), signals 
that are distinctive for boronate ester five- 
membered rings (6) 

‘These FTIR spectroscopy data are fingerprints 
forthe expected boron-containing rings: however, 
solid-state "B MQ MAS NMR spectroscopy is 
highly sensitive to the immediate bonding en- 
Vironment of boron. Any differences in B-C and 
B-O distances and/or angles will result in a 
notable change in the fine shape and intensity of 
the spectra. The acquired "'B MQ MAS NMR 
spect for evacuated COPS were compared t0 
those of molecular mextel compounds and starting 
materials (Fig 2, Ato D, right insets). The spectra 
‘of all ofthe COFS are coincident 10 those of the 
rede! compounds and are diflerent from the 
starting. materials. Thus, the boron-containing 
Units in all the COFs have not only formed! but 
\welkformed B40 and CsOsB sings. Addi- 
tionally, data from "C and 2"Si MQ MAS NMR 
‘experiments show the presence of the expected 
number and environment of each type of 
respective nucleus, further substantiating. the 
structural assignments (figs. STS to S38), 

In order to establish the phase purity and 
synthetic reprodtcibitity of the COF materials, 
ruhtple samples were exhaustively imaged with 
‘scanning electron microscopy (SEM). The SEM 
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agglomerated and nonagglomeraied |= to 2um- 
diameter spheres, respectively (figs. S39 and 
S40), This momphology is likely caused by a 
polar hydroxylated OH) surface that causes 
spherical crystal growth to minimize interfacial 
surface energy with the relatively nonpolar 
solvent media. The SEM images recorded for 
(COF-105 and COF-108 revealed 5m platelets 
and 3- to 44m imegular spheres, respectively 
(figs, S41 and $42), For cach of the COFs, only 
‘one momphology was observed, negating the 
presence of impurity phases, Furthermore, C 
and Ht elmental microanalysis confirmed that 
the composition of cach COF conesponded 10 
formulations predicted from modeling (6). 

The derived structures for COF-102, COF- 
103, and COF-108 are shown in Fig. 3 (COF-103 
has a tetrahedral Si replacing Candis structure 
is virtually identical to that of COF-102), COI 
102 (Fig. 3A), COF-103, and COF- 105 (Fig. 3B) 
are based on etn, andl COF-108 (Fig. 3C) is based 
‘on bor. It is hard to assess why one of the two 
tructure types would be preferred over the other. 
However, itis a notable confirmation of our orig- 
inal thesis that we find one or the other of the two 
structures. The only notable diflerences between 
the two structure types ae that bor is about 15% 
less dense than etn (compare the densities of 
COF-105 and COF-108) and has larger pores. 
The three-coordinated vertices in both struc- 
tures are constrained to be planar with threefold 
symmetry, but the point symmetry at the tetra 
hedral site in etn is only a subgroup (4 = Sy) of 
that at the tetrahedral site in bor (42 = Day): 
this difference gives etn Jexs constraints and po 
tontially makes it a more strain-fiee structure 
than bor. 

Iris also of interest to consierthe pore sizes. 
In the COFs with the etm structure, the center of 
the langest cavity in COF-102, COF-103, and 
COF-105 is $.66, 5.98, and 10.37 A, respective 
ly, ftom the nearest atoms (H), IF we allow for a 
van der Waals radius of 1.2.A for H, spheres of 
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diameter 8.9, 9,6, and 183 A, respectively, are 
available in these three COFS. However, the 
pores in these materials are far from spherical 
and we expect the effective pore size to be 
somewhat larger. COF-108 has two cavities, and 
theatoms closest to the centerare C atoms at 9.34 
and 15.46 A. If we allow for a van der Waals 
radius of 1.7 A for C, these cavities ean 
accommodate spheres of 15,2 and 29.6 A, 
respectively. It may be scen that the larger pores 
are well above the lower limit 20. A) for the 
material to be described as mesoporous, and 
COF-108 is a rare example of a fully crystalline 
mesoporous material. 

‘An important feature of 3D COR is the full 
accessibility from within the pores to all the edges 
and faces of the molecular units used 10 construct 
the framework. A previous. study found that 
maximizing the number of edges arising. from 
aromatic rings in a porous material inereases the 
number of adsorption sites and surface area (8). 
Porous zeolites, carbons, and metal-onganic 
ffameworks (MOFs) all contain tatent edges in 
their structures; however, the structures of COFs 
contain no latent edges, and the entire framework 
is a surface replete with binding sites for gas 
adsorption, The structures also have extraontinar- 
ily low densities: COF-102 (0.41 g em *), COP: 
103 (0.38 g cmv), COF-105 (0.18 g em), and 
COF-108 (0.17 g cm), The last two values are 
markedly lower than those of highly porous 
MOFs such as MOF-$ (0.59 g em) (9) and 
MOF-177 (OA2 g em”) (8) and are the lowest 
density crystals known (10) compare these values 
‘with the density of diamonds ($0 x em?) 

The Jow densities coupled with the maxi- 
mized fraction of surtice sites in 3D CC 
naturally impart their exceptional porosities, 
‘which were shown in gas adsorption studies on 
evacuated samples of COF-102 and COF-103, 
‘Samples of "as synthesized!” COF-102 and CC 
103 were immersed in anhydrous tetrahydro- 
fia to remove solvent and starting. materials 
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Fig. 4. Argon gas adsorption i 
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DFT models to gas adsorption data. STP, standard temperature and pressure. 
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therms for COF-102 (A) and COF-103 (B) measured at 87 K and pore size histograms (insets) calculated after fitting 
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include in the pores during synthesis and were 
then placed under dynamic vacuum. conditions 
(10 tor) for 12 hours at 60°C to completely 
‘evacuate the pores (6), Thermograv metric analy~ 
sis confirmed that all of the zuests were removed 


from the pores and revealed the thermal stability of 


all COFs beyond 450°C (figs. S43 and S46), 
Argon isotherms for COF-102 and COF-103 were 
recorded at 87 K from 0 t0 760 torr (Fig 4, and 
F-102 and COF-103 exhibit a classic type 
isothenn characterized by a sharp uptake at the 
Jow-pressure region betwaen PP, = 1s 10°F to 
1 © 107, where P is gas pressure and Py is sat- 
uration pressure, The apparent surface ancas ealeu- 
lated. from the Brunauer-Emmett-Teller (BET) 
rnwodel were 3472 and 4210 m? x for COF-102 
and COF-103, respectively. The pore volume dter- 
mined from the Dubinin-Radushkevich equation 
afforded values of 1.35 em? g' (COF-102) and 
1.66 cm? g"" (COF-103), The BET surface 
‘of COFs exceed porous carbons 2400 m? 
(UL silicates (1300 me #) (2). recently reported 
2D COFs (1590 my? -") 2), polymers of intrinsic 
Imieroporosity (1064 m? ge") (13), and polymer 
resins 2000 mg) (14) and are comparable 10 
some of the highest, surfice areas of MOFs 
{MOF-177 (4500 m? gy (8) and MIL-101 
e') US) (MIL, Material Institut 
oisier)}, Calculation of pore size obtained 
from appropriately fiting density functional 
theory (DET) models to the isotherms (tigs. SS 


and S52) yielded pore size distributions of 
COF-102 (11.5 A) (Fig. 4A, inset) and COF- 
103 (12.5 A) (Fig. 4B. inset) (6). Narrow cise 
Iributions are obtained and are centered at values 
close to the pore diameters obtained from the 
crystal structures. 

At the outset of this study, crystallization of 
3D COFs (such as cross-linked polymers) was 
believed to be difficult, if not impossible, to 
achieve for both thermodynamic and kinstic 
reasons. This report demonstrates that this chal- 
lenge can be met by striking a balance between 
these two competing factors and that the 
Principles of reticular chemistry provide the basis 
for design and structure solution of the result- 
ing materials. 
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Direct Detection of the Asteroidal 


YORP Effect 


‘Stephen C. Lowry,’* Alan Fitzsimmons,’ Petr Pravec,” David Vokrouhlicky,” 
Hermann Boehnhardt,* Patrick A. Taylor,* Jean-Luc Margot,® Adrian Galad,® 


‘Mike Irwin,” Jonathan Irwin,” Peter Kusnirak? 


The Yarkovsky-0’Keefe-Radzievskii-Paddack (YORP) effect is believed to alter the spin states of 
small bodies in the solar system. However, evidence for the effect has so far been indirect. We 
report precise optical photometric observations of a small near-Earth asteroid, (54509) 2000 PHS, 
acquired over 4 years. We found that the asteroid has been continuously increasing its rotation rate 
‘© over this period by dovdt = 2.0 (20.2) x 10 degrees per day squared, We simulated the 
asteroid’s close Earth approaches from 2001 to 2005, showing that gravitational torques cannot 
‘explain the observed spin rate increase. Dynamical simulations suggest that 2000 PHS may reach a 
rotation period of ~20 seconds toward the end of its expected lifetime, 


he Yarkovsky-O"Keefe-Radzievskii- 
| Paddack (YORP) effect is a torque that 
can modify the rotation rates and obiqui- 

ties of small bodies in the solar system its causes 
are incident solar radiation pressure and the recoil 
effect from anistropic emission of thennal photons 
(/), Several effects indicate that such a torque, as 
‘yet undetected, acts upon the surfaces of asteroids 
and meteoroids, and the YORP effect isthe only 
realistic mechanistn in these cases, A clear ex- 
ample of a YORP-evolved system can be seen 
\within the Koronis asteroid family, formed by the 
catastrophic collisional disruption ofa large parent 
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‘body atleast 2 billion years ago. This event would 
presumably have resulted in random spin states 
for the daughter asteroids, but sunprisingly, the 
larger membersare divided into two distinct align- 
ments (2). Theoretical modeling invoked YORP 
as a potential mechanism to explain the spin- 
vector alignments by eventually altering the spin 
rates and obliquities, with some asteroids be- 
coming trapped in spin-orbit resonances (3) 
Another likely manifestation of YORP torques 
is the evolution of orbital semimajor aves of 
small members of asteroid families towand ex- 
treme values, which is important for determining 


their age (4), The evolving obliqu 
direct bearing on the evolution of semimajor axes 
Via Yarkovsky dif a companion effect 19 YORP 
that is caused by a net foree arising from emission 
fof thermal radiation along the body's orbit and 
‘was recently detected for the first ime (5), YORP 
is also an important component in models of the 
livery of near-Eanh asteroids fiom the main 
asteroid belt, as it leads 10 a Yarkousky dri 
forcing bodies into powerful perturbing orbital 
resonances (6). 

‘urthermore, there exists a distinet population 
of small, very-fast-spinning. asteroids known as 
the monolithic fast rotators (MFRS) (7). If the 
orbits of such bodes are stable over mil 
time scales, allowing YORP to significantly 
change the rotation rae, then the effect is highly 
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likely to place these asteroids into this category. 
YORP could also cause smal asteroids to spin up 
0 fist that they are foreed 10 momph into new 
shapes oF even shed mass; pethapss such a pro 
gression would supersede tidal disruption and 
collisions as the main formation mechanism for 
‘binary asteroids inthe planct-erossing population 
(8, 9. Conversely, YORP could act against the 
rotation direetion to reduce the spin nite, leading 
to the very long rotation periods (>40 days) seen 
for some astemids and possibly causing some of 
them to tumble. Despite its importance, there 
‘exists only indirect evidence for the presence of 
YORP on solar system objects, 

Although the obliquity effect is too stall to 
be dtected with ground-based or even space- 
based instruments, changes in the rotation rate 
may be detected if very precise observations, 
such as high-quality asteroid fight curves, are ob- 
tained over a long enough time span (0. 11), 
The sill near-Earth asteroid (54509) 2000 PLS 
(hereafler PHS) is one of the few known Earth 
<co-orbitals in near 1:1 mean-motion resonance 
With Earth, The characteristics of its: horseshoe 
‘orbit result in periodic close Earth approsches, 
roughly every July and August, making it 3 
ood target for regul 
time scales, Here, we present results from long: 
tern optic trie monitoring of PHS 
that reveal the YORP effect in action via an 
‘obwerved decrease in its sidereal rotation pe- 
riod, Which is shown in our companion paper 
) to be in reasonable agreement with 
theoretical predictions for the effect. In (2). 


the optical data are analyzed alongside radar 
data to reconstruct a detailed shape model from 
Which the expected YORP torques can be re- 


37 m, any size-elited YORP etcet on PHS is 
likely to be relatively high. Its fst spin period of 
12.17 min makes it a very practical target for ob- 
servations fom Earth-based telescopes, because 
{ull and consecutive nights of observation are no 
required for accurate period detemination, In 2 
hours: we cou! continuously sampke the Hight 
curve over =10 full revolutions, more than 
adequate for our purposes. This small size and 
fist rotation puts PHS into the MFR asteroid 
‘group, so YORP may have been. significantly 
affecting its spin rate for some time, and it is 


Table 1. Evolution of the sidereal rotation period. 
There is partial overtap between successive data 
‘groups; however, the PAB corrections are per- 
formed on each biannual data group indepen- 
dently (13). 


Date rage tie group Sc mtd 
28 Jul 2001-27 Jul 2002 0.20290046 
27 Jul 2002-27 Aug 2003 0.20290020 
29 Jul 2003-11 Sep 2004 0.20289985 
‘12 Aug 2004-31 Aug 2005 0.20289941 


"le unceraindes are 10°* hours. 
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reasonable to assume that itis still susceptible 10 
YORP torques 

Our optical monitoring campaign began in 
2001 and spanned ~4 years, with many obsery- 
tories from various countries contributing tele- 
scope time. Because of the close approaches of 
PHS, the apparent brightness of the asteroid as 
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seen from Earth changed considerably overtime 
scales of days to weeks. Therefore, as the inte- 
ration time was restricted to 30 sto avoid rota- 
tional smearing of the light curve, a range of 
optical telescope apertures (0.65 to 82 m) was 
required to reach the desired signal-to-noise ratio 
in this time, The asteroid's rotational signature 


Fig. 1. Light curve data from the Stee gene 
2002-2003 data group, folded to 

the best-fit sidereal period of 
0.20290020 hours. The fortuitous 
near-constant viewing geometry 
throughout the observations ensured 
that the shape and amplitude var- 
iations in the light curve were small, 
from one night to the next. 


Fig. 2. Observed YORP effect on 
asteroid (54509) 2000 PHS. The 
sidereal rotation period P is stead- 
ily decreasing. For a solid YORP 
detection it is very important to 
confirm the existence of 3 trend, 
hence the need for repeated 
measurements over subsequent 
years. A linear trend i seen in 
APIPy = (P ~ P/Po versus time, 
where Po = 730.440756 s (ie, the 
nominal value from the 2002— 
2003 data group). Solid symbols 
represent the observed period 
change (the formal 116 uncertainty 
‘on the period is smaller than the 
plotted data points). The solid curve is a theoretical prediction for YORP strength computed from different 
shape variants of the asteroid and recalibrated by a factor of 0.16 to 0.38, as discussed in (12), Open 
circles (with 10 uncertainties) indicate the expected change of P during annual close encounters with 
Earth (arbitrarily offset for clarity), which is negligible relative to the observed period change. 


YORE sccalraton Tayo at) — 
Covered para (won) © 


8 - 
¥ wy (03%) 
g 25 wy 98 
“e 14.8 My (308) J 1 
° Fy 6 
‘Time (My) PO) 


Fig. 3. Future orbital and spin evolution of asteroid (54509) 2000 PHS from numerical 
integrations. Left: Number of surviving particles (right ordinate, curve 1) and median inclination / 
(left ordinate, curve 2) versus time. Right: Distribution of rotation period P values for the surviving 
particles after 1 My (93% of the population surviving), 5.5 My (75% surviving), 14.8 My (50% 
surviving), and 35 My (25% surviving). The spin-axis obliquity rarely drops below ~125°, and so 
YORP continues to increase the particle's rotation rate. 
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\Was extracted fiom cach individual imaging data 
set (/3), and the resulting light curves were 
‘grouped according to date: all the 200 and 2002 
Tight curves were taken together, then all the 
2002-2003, 2003-2004, and 2004-2005 data, 
0 that each data set had a t-year time base, To 
find changes in the siderwal period, we shifted 
the observation times of the data points within 
each combined set by the established phase 
angle bisector (PAB) approximation (/3. 1), 
which requires knowledge of the spin-axis 
orientation. Using a combination of radar data 
and our optical light curves, Taylor et al. (12) 
report thatthe pole position resis within 10° of 
‘(IS0°, -85°) in ecliptic coordinates (12000), 

Fourier analysis of the ight curve modulation 
was then performed separately for each time- 
ccomected data group (/3) to detennine the yearly 
averaged sidereal rotation periods (Table 1). The 
light curve amplitude changed! lithe within any 
daa set because of the nearly constant aspect 
angle of the asteroid throughout the observations. 
‘Asa result of the asteroids shape, there was also 
44 pronounced asymmetry in the Tight curve that 
Uukimately allowed unambiguous phasing of the 
data (Fig. 1). Sidereal rotation periods 7” were 
determined from 2001 40 2008 and were seen to 
decrease ata linear rate, with a fractional change 
of 1.7 * 10° (9%) per year; thats, the asteroid 
has boon inereasing its rotation rate @ over these 4 
years by dvdr 20(£0.2) » 10° deprees day? 
(Fig. 2). This result was confined from analysis 
‘of the combined Tight curve and radar data in 
(Z2), Detailed dynamical simulations that used 
the shape model in (2) were performed that 
reproxluced the close Earth approaches from 2001 
to 2005, from which we eat rake out Earth-tug 
effects asa potential mechanism for the observed 
sidereal-period decrease (Fig 2) (13), Moreover, 
there isno reason for Earth tugs to be coherent, 90 
uncorrelated positive and negative shifts in spin 
rate are possible in. subsequent years. The 
reasonable agreement between observations and 
YORP simulations (/2) and the fact that plan- 
‘lary tugs cannot account forthe observed effect 
leaves YORP as the only viable cause: 

‘The fast rotation of PHS could imply that this 
asteroid underwent significant YORP evolution 
in the past. Indeed, its obliquity near 180° 
supports this idea because it is near one of the 
asymptotic YORP regimes (//, 15). Our result 
suggests that it woukl take ~350,000 years for 
YORP to double the rotation rate of PHS in the 
future. From this value we may expect that YORP 
will cause structural changes, mass shedding, oF 
even fission of this object at some point in the 
future, depending on its intemal strength. To 
investigate this possibility, we ran a simulation 
that numerically propagated the orbit of PHS and 
999 close clones (73). We found a median 
«dynamical lifetime before particle removal from 
the simulation, by solar or planetary impacts, of 
=15 million years (My), a suprisingly long time 
scale (Fig, 3). The longestlived clones of PHS 
{about 6%) survived 100 My of orbital evolution. 
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In a second step, we numerically integrated the 
secular evolution of the spin state for cach of 
these 1000 particles along their precise orbits 
(23), with the VORP strength set to our observed 
value. AL35 My, when 25% of the original clone 
population remained, the median rotation period 
was 19 s witha lowest extreme of $s (Fig. 3). 

Our observational calibration of the YORP ef: 
fect, in conjunction with orbital and spin integra 
tions, demonsirtes that asteroids lke PHS can 
attain extremely fist tation rates. Our work also 
implics the possible existence of 3 population of 
100. asieroids with rotation perids of ~20 5, 
significantly faster than the most rapidly rotating 
asteroid ofthis sie, 2000 WHO with P~ 80 s U6). 
Light curve observations to date are Wiased against 
the detection of such shor periods, and hence the 
number of such boxes is unconstrained at present 
fp such objects are found, then the mast likely 
cexplnation is eventual significant mass shexkling or 
rotational fission before they reach this value of P 
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Spin Rate of Asteroid (54509) 2000 PH5 
Increasing Due to the YORP Effect 


Patrick A. Taylor,** Jean-Luc Margot,"* David Vokroublicky,? Daniel J. Scheeres,” 
Petr Pravec,* Stephen C. Lowry,” Alan Fitzsimmons,” Michael C. Nolan,‘ Steven J. Ostro,” 
Lance A. M. Benner,’ Jon D. Giorgini,’ Christopher Magri” 


Radar and optical observations reveal that the continuous increase in the spin rate of near-Earth 
asteroid (54509) 2000 PHS can be attributed to the Yarkovsky-O'Keefe-Radzievskii-Paddack 
(YORP) effect, a torque due to sunlight. The change in spin rate is in reasonable agreement with 
theoretical predictions for the YORP acceleration of a body with the radar-determined size, shape, 
and spin state of 2000 PHS. The detection of asteroid spin-up supports the YORP effect as an 
‘explanation for the anomalous distribution of spin rates for asteroids under 10 kilometers in 


diameter and as a binary formation mechanism. 


jeory predicts an evolution of the spin 
| ate of a small solar system body as a 
result of the absorption and asymmetric 
re-cmission of sunlight, the so-called YORP 
foct. The resultant radiation torques are thought 
to realign the spin vector while changing the 
spin rate of the object (J). Lowry ef al. (2) 
report an increase in the spin rate of 2000 PHS 
Here we present, with radar and optical obser- 
Vations and modeling of 2000 PHS, the best 


evidence to date that the YORP elect is respon 
sible for changing the spin rate of an asteroid, 
For objects with finite thermal conductiv 
‘pecially fast-rotating asteroids <1. km in diam 
ter that lack regolith, YORP torques tend to force 
the spin vector to 0° or 180° obliquity (parallel or 
antiparalle! to the orbit normal) and cause the spin 
rate io increase oF decrease with equal probability 
{Gon time scales proportional to the square of the 
diameter D (J). Therefore, YORP may explain 
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aunong asteroids <10 km in diameter (4). Co 
tinuous spin-up by the YORP effect could result 
ina system from the shedding of mass as 


ys planetary encounters (5-8) and. subcata 
trophic collisional fission (9), the YORI 
nisble 


by the Massachusetts Institute 


program (LINEAR) (//) 
coventric distance of 0.0 nical 
(AU), PHS (semimajor axis a = 1.00 AL 
centricity e = 0.23, inclination (= 1.8°) (fig. S1) 
is one of only a handful of objects known to be 
co-orbital companions of Earth (12-4), Ai 


ription and detailed shape model (15) of PHS. 
We ¢ 
(table $1) using the 70-m antenna and 450 KW. 


28 July 2001 (76) and the 305-1 antenna 
900 kW, 12,6 cm wavelength transmitter a 


ily 2004 and 24-26 


Arecibo on 27-28 J 


rotation of the target (77) and the amou 
broadening constrains the spin axis. Daily sums 
Doppleronly spectra (Hig, $2) determine the radar 
reflection properties of PHS (table $2), which are 


shape by resolving the radar echo in 
onal dimensions: distance fiom the observe 
rotational Doppler shift, High-resolution image 
PHS trom Arecibo (Fig. 1 and fou 


as PHS rotates, Visual ingyection 


‘min, consistent with light-curve observations (2), 
The observing geometries during the 2001 and 
2004 observations, which produced the most use 
fal imagery, allow for ~75% surface cover 
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. 1. Range-Doppler 
images (columns 1 and 4) 
obtained at Arecibo on 28 
July 2004, covering one 
rotation of PHS, along with 


the corresponding shape 
nodel fits to the 
2 and 5), and the 
ne-of sky Vi 
3 and 6) of PHS during the 
observations. Each 180-m 
10-m frame is separated 
by ~15° in rotation phase 
Radar illumination is from 
the top of the frame. Range 
increases from top to 
bottom, and Doppler fi 

quency increases from left 


to right therefore, the rota 
tion of the target appears 
creases down the left side 
it side. 


arrow through the 


then down the rig 
th 

plane-of-sky frames indi 
cates the spin vector of PHS. 


Fig. 2. Additional rotation 
quired to link 20 optical ig 
from 2001 to 2005 using a 


light-curve data. Th 
ratic in time: 0.5 


of change of the 


ce the initia 


pe 


ist 


2001. Phases have conservative 


tainties of 10° because 
endence on the exact s 
of the asteroid 
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10°, -85°) fit to the 2001 


s quad 
he rate 


in rate and t is time 
L epoch of O” UT on 27 July 


1 line of sight was moving away’ from 
is (2/). Fits to individual Doppleronly 


1001, 2004, and 2005 with 


and spherical harmonic shape models 
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obliquity of 173° fiom the orbit normal. This 
retrograde pole is adopted for shape modeling 
and translating between the observed light curve 
and intrinsic sidereal periods int the light-curve 
analysis (2). A prograde pole fits the observed 
‘pandwidts equally well but cannot fit bandh 
‘curves and light curves simultaneously, 

‘A change in sidercal spin rate is necessary 
to fit the radar data over time. However, light- 
curve data alone provide & more accurate de- 
termination of the required change than does 
analysis of the range-Doppler imagery. To 
produce initial conditions for the spin state of 
‘our most detailed shape model, we fit synthetic 
light curves based on a simple spherical hamnon- 
ie shape model to the 2001 fight-curve data (2), 
which consist of three epochs over 24 hours, a 
time frame over which the change in spin rate is 
negligible. We then inclu the remaining light- 
‘curve data from 2002 to 2005 (2), allowing for 
‘an arbitrary phase shift for each light curve 1 
match the phase of the shape model's synthetic 
Fight curves, The resulting phase shifts (Fig. 2) 
necessary to fink the fight curves are wel fit by 
4 quadratic function in time; in other words, the 
spin rate is inereasing linearly with time, The 
use of a linear change in the spin rte rather than 
4 constant spin rate yiekls improvement by a fac- 
tor of ten in the reduced {7 value of a spherical 
harmonic fit to the entire collection of Hight- 
ceuve dita, 

For pole coordinates of (180°, 85°), the 
sidereal spin rate necessary to fit the fight curve 
data are 4258241 + 0.02 dew/day (12.17-min 
period) at the initial epoch of O* UT on 27 July 
2001, and the necessary change in spin rate is 
(2.0 © 0.2) = 10 degiday*. This determination 
‘of a continuous increase in spin rate precisely 
matches the discrete spin-period changes. ob- 
served in (2), The fractional change in spin period 
is 1,72» 10°° (10%) per year; Accelerations 
determined by this method for pokes less than 10° 
fiom (180°, “85° lie within 8% of the nominal 
acceleration, indicating relative insensitivity of 
the acceleration to procise pole location, 

The shape models (22) of PHS are 288 
vertex. polyhedra with $72 triangular facets 
itiving the models 12° resolution in longitude, 
twice the amount PHS rotated by daring the 
exposure time for each range-Doppler image. 
We produced a family of models with a range of 
surfie “roughness” based upon large, medium, 
and small-scale topography (22) to determine 
booth the shapes that best fit the combined! radar 
andl ight-curve dats and how roughness affects 
the YORP acceleration calculations. All models 
produced have similar sthouetes, with much of 
the variation coming from the smoothness of the 
surfiee and the length of the shortest principal 
axis of inertia, The best PHS shape model shows 
very good agreement with all range-Doppler 
images, reproducing the various convex, linear, 
and concave leading edges of the echoes (Fig. 1). 
“The shape of PHS (lig. $4) is distinguished by its 
flatiened nonthem hemisphere with a Tinear edge 
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Table 1. Summary of shape models and predictions for the change in spin period due to the YORP 


effect. Shape A (rough) is the bestit shape model 


‘depicted in Fig. 1, and the other shape models 


‘sample the 1-c formal uncertainty region for the fit. "“Smooth’ and “rough” describe the amount of 
facet-scale topography the shape models allow. a, b, and c are the extents of the shape model along 
the principal axes of inertia. O is the diameter of a sphere with the same volume as the shape 
model. The YORP predictions are given by the factor by which they overestimate the observed 
change in spin period. Shape models with smoother surfaces result in predicted changes in spin 
period more consistent with observation than do rough surfaces, which provide better fits to the 
radar and light-curve data. Several factors could account for the discrepancy between observed and 


predicted values. 
AP /Pa per year factor 
aibie(m) Dim 
smeyeloe Model 1 (3) Model 2 (26) 
A Smooth 15012093 naz 286 3 
Rough 149030961128 618 6.03 
8 Smooth 2493091 «32 295 336 
Rough = 1479329117 456 439 
© Smooth = agnz9e7 sa 28 324 
Rough 149399130 a7 5a 


Observed AP/Po per year (2) = -1.72 x 10" 


and prominent concavity that are clearly visible in 
the radar images, 

The phase agreement between the rotating 
model and the entire set of range-Doppler 
images, ax well as the ability to link the Tight 
‘curves from the 4-year optical photometry cam- 
paign (2), is due to the inclusion of a linear 
change in the intrinsic spin rate of PHS (2 
Harder to reproxtuce i the lange amplitude of the 
IIS light curves (fig. $5}. The diserepaney may 
bbe duc 1 unresolved topography. shadowing 
effects from concavities, albedo variations, oF 
deficiencies inthe photometric mod! used in the 
shape modeling software. 

The rapid rotation of PHS, the increasing 
spin rate, and the near-180° obliquity are con 
sistent with simulations of a body subjected to 
YORP torques (3). YORP tongues can change 
the spin state of PHS on fess than million-year 
time seales (2), shorter than the dynamical (2, 24) 
and collisional lifetimes (25) of about 10 million 
and 1 billion years, respectively, that would 
reorient the spin vector or disrupt the asteroid. 
Despite the repeated clase encounters between 
PHS and Earth, planetary tidal torques are not 
strong enough (2) to cause the observed change 
in spin rate. Without other plausible causes, the 
YORP effect is the most viable mechanism for 
explaining the observations 

Using the PHS spin state and shape models, 
two independent YORP acceleration models, 
predict changes in spin rate, in terms of the 
fractional change in spin period (AP Po) per year,2 
10 7 times as large as those observed (Table 1). 
‘Smooth models those with less facetcale to- 
‘posraphy, produce changes in spin rate closer by a 
factor of 2 to the observed value as models with 
rougher surfices. Several factors may account for 
the discrepancy between observed and theoretical 
values. The incomplete surface coverage by radar 
‘of PHS's iregular shape undoubtedly affects the 
accuracy of the shape model. Mismodeled mor- 
‘phology results in erroneous YORP torque values 


and aveclerations that could cause emars even 
sgyeatcr than the factor of 2 seen between smooth 
and rough models. Unresolved surface character 
istics much finer than the radar resolution may 
also be very important for accurate torque 
calculations, Furthermore, we assume a bulk 
density p of 2.5 gem’. Because AP/Po per year 
seaks as (pD") #, a combination of higher densi 
and larger size could reduce the discrepancy, 
Deficiencies in the YORP simulations, including 
the thermal model formulation and uncertainties in 
ey thermal parameters and surfice-scattering 
properties, may also play a role, Simulations 
assume an ideal Lambertian scattering suri 
general, a norrideal surface would produce a 
result more eonsistent with observation, Although 
PIAS has significantly nonzero thermal inertia (27), 
trials of surface thermal conductivities between 
0.005 and 0.08 WinvK show no appreciable 
change in results, as expected (3, 26), Akiogethe 
combination of incomplete surface coverage and 
assumptions about density, thermal parameters, 
andl scattering properties are likely responsible for 
the discrepancy we find. The order-of- magnitude 
agreement between observation and theory pro- 
Vides the best evidence to date that the YORP 
effect acts upon small solarsystem bovis, 

The observation of a continuously inereasing 
asteroid spin rate and the reasonable agreement 
‘with theoretical models support the YORP 
effect as an important process for altering the 
spin state of small solar system bodies. YORP 
may therefore explain several puzzling issues in 
asteroid dynamics, including the observed spin- 
rate distribution oF asteroids <10 kn in diameter 
and the production of binary systems. 
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Analyses of Soft Tissue from 
Tyrannosaurus rex Suggest the 
Presence of Protein 


Mary Higby Schweitzer,*2* Zhiyong Suo,* Recep A 


Fernando Teran Arce,** John R. Horner? 


John M. Asara,** Mark A, Allen,” 


‘We performed multiple analyses of Tyrannosaurus rex (specimen MOR 1125) fibrous cortical and 
medullary tissues remaining after demineralization. The results indicate that collagen 1, the main 
‘organic component of bone, has been preserved in low concentrations in these tissues. The findings 
‘were independently confirmed by mass spectrometry. We propose a possible chemical pathway that 
may contribute to this preservation. The presence of endogenous protein in dinosaur bone may 
validate hypotheses about evolutionary relationships, rates, and patterns of molecular change and 
degradation, as well as the chemical stability of molecules over time. 


ation results in the destruction of 

virtually all original organic components 
‘of an organism, and it has been hypothesized 
that original molecules will be either lost or 
altered to the point of nonreeognition over 
relatively short time spans (well under a mil- 
lion years) (1-7). However, the discovery of 
intact structures retaining original transparency. 
Aexibility, and other characteristics. in speci- 
mens dating at least to the Cretaceous (8, 9) 
suggested that, under certain conditions, rem 
nant organic constituents may persist across 
geological time. 

‘The skull, vertebrae, both femora and tibiae, 
and other elements of an exceptionally well- 
preserved Tirunnosaurus rex [MOR 1125 (8)] 


I has long been assumed that the process 
of fossi 
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\were recoverad from the base of the Hell Crock 
Formation in eastern Montana (LISA), buried 
Within at least 1000 m? of medium-grained, 
loosely consolidated sandstone interfingered with 
fine-grained muds, interpreted as stream channel 
sediments. Demineralization of femur and tibia 
fagments revealed the preservation of fibrous, 
flexible, and apparently original tissues. as well 
as apparent cells and blood vessels (8), but the 
cendogencity and composition of these structures 
‘could not be ascertained without farther analyses. 

We present molecular and chemical (/0) 
analyses of tissues remaining afler partial de- 
mineralization (7) of the left and right femora 
and associated medullary bone (/2) that would, 
in extant bone, represent the extracellular matrix 
(osteoid) dominated by collagen I (73), Because 
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of its ondored structure as a triple helix (14, 15), 
collagen I has unique characteristics that ane 
highly conserved across taxa, making Validation 
of its presence relatively straight 
molecular composition of collagen incomporates 
slyeine, the smallest amino acid, at every helical 
tum, Therefore, an amino acid profile of colkt- 
gen results in ~33% glycine content (/4), This 
molecular structure also results in packing of | 
microfibrils with a banded repeat of ~70/nm 
(5, 16), Collagen alo shows postranstational 
hhydroxylation of about half of all protine and 


some lysine residues; thus, the detection of 
¢ and hydroxylysine in extracts of 


‘organic material is viewed as st 
the presence of collagen (/7, 18), Finally, colka- 
xgen is identified by polyclonal or monoclonal 
antibody reactivity that can distinguish between 
collagen types (79). We focused on identifying 
collagen-like compounds because in addition to 
being abundant and easily identified by multiple 
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The fibrous nature of lized r petiod ove print 
tion (ig. S1) Ore, re . ¢ N 

‘Onn when icf os: D) surface wcncrated when Sekeeted/-area electron diffraction (SAED) of th 
copy (AFMI al (fig, SID, it is retain 
collagen ir E nl b al is bi Ais 


. unchanged f livin 
ctions (fg. SA) and 
mounts (fi S2B) of demi 
i ice soften afer expo. 
p 40 nm into MOR 
; a, / » depress the fi 1m into the same 
SSA | © Wn Es DO) Boel a ee 
00 2Phave “10pm 00 ——-SAmpMlude 15m 00 ts a activity Wo a 
Fig. 1. AFM images of partially deminera MOR 1125 (Ato D) ised against chi agen 1 (17) when mea 
image of MOR 1125 cortal bone imaged in ar; () deflection im ; f i ws 
imaged in air (0) phase image of MOR 1125 medullary i Reactivity was greatly reduced in dinosut 
cortical bone imaged in ai; () amplitude image of e ein . at Ket twice that observed in nega 


Fig. 2. In situ immunochemi 
300-nm sections of demine 
MOR 1125 cortical bone (A to D) and 
‘medullary bone (E to H). (A) and (€), 
no primary antibodies added (negative 
contro); (8) and (F), antibodies to 
avian collagen |; ( and (@), anti 


trol); (D) and (H), anti 
toavian collagen |, inhibited 
incubating with purified chicken colla 
gen before exposing 

Al data were collected using 
at 122-ms inte 
NOR 1125 cortical 


bodi 


the same paramete 


gration. (I to K) 


sue exposed to (I) no primary, (}) antibodies to avian 0 
(K) collagenase digestion followed by antibodies toa a 
as described (11). Data in (, (), and (K) were collect ms 
integration 
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‘We confirmed the antiboxdy renetivity data by 
in situ immunohistochemistry ina series of 
experiments. We exposed thin (03 to 0S jm) 
sections of demineralized cortical (Fig. 2, A to D 
‘and [to K) and medullary (Fig. 2, E to 1) dinosaur 
bone 10 antibodies mised against avian collagen 1, 


antibodies with chicken collagen (Fig. 2, Dand 11) 

\<litionally antibody reactivity (Fig. 23) was 
iticantly decreased fier we digested dinosaur 
tissues with collwenase (Fig, 2K), although this 
enzyme effect was not consistently observed. Re- 
activity to antibodies, measured by fluorescence, 
\was significantly greater than in negative controls 
(Fig. 2, A, C, E, G, and 1) and was localized to 
tissues. We abo observed some binding of os 
teoealein antibodies to dinosaur tissues (ig. S4) 
‘These pattems were similar to those observed with 
‘extant emu cortical and medullary bone (ig. SS). 
Immunoreactivity in dinosaur tissues was greatly 
reduced fice that observed in extant bore, as illus 
trated by longer integration times and fainter signal, 
bt was greater than in negative conto, Immun 
histochemistry performed on sediments was neg 
tive for binding, These results imply that the 
‘concentration of reactive epitopes in the dinesaur 


tissues is very low, consistent with the ELISA re 
sults. That antibody reactivity was more consistnt- 
ly observed in stu than in ELISA could be duc to 
‘grater alteration and ox los of organic compounds 
during extraction procedures, or to reducad binding 
of degraded antigen to ELISA plate polymers, 
The presence of collagen-derived epitopes in 
demineralized tissues is supported by mass spec- 
‘trometry data. Time-of-flight secondary ton mass 
specttometry (TOF-SIMS) detects surface ions 
associated with molecular fragmentation with 
high mass resolution, and can localize signal to 
Whole samples without subjecting them to chem- 
ical extraction. In situ TOF-SIMS analyses wore 
performed to unambiguously detect amino acid 
residues consistent with the presence of protein in 
demineralized MOR. 1125 tissues (Fig. 2 and fig. 
$6). We obtained ratios of glycine (Gly), the most 
aburktant amino acid in collagen [~33%(/4)}. and 
alanine (Aly), which constitutes about 10% of 
collagenous amino acids, to support the presence 
‘of the specific collagen «rl type | protein in these 
tissues, Small peaks representing proline (Pro) 
at masvcharge ratio (m2) 70 (Fig. 3C), tysine 
(Lys) at m= $4 (fig. S6A), and leucine oF 
isoleucine at m’=N6 (fig. SOB) were also detected. 
TOF-SIMS is highly matrix dependent, and de- 
sorption and ionization of some amino acid res 
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70 70S 
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Fig. 3. TOF-SIMS spectra of demineralized MOR 1125 medullary bone (A to C) and entombing 
sedimentary matrix (D to F). The imonium ions for Gly (m/z = 30), Ala (m/z = 44), and Pro (mz = 
70) can be unambiguously identified for MOR 1125; no signal was observed in sediment controls 
that corresponded to these amino acids. See text for discussion. 
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‘dues, especially modified residues such as 
hydroxylated Pro, are less efficient than for other 
residues (26), These modified residues were not 
detected by this method but were really identified 
by aberse geen met (1, 
Ala ratio for published chicken 
cua al type 1 sequence (27) is 2.5:1, The 
TOF-SIMS results show that the Gly:Ala ratio in 
‘medullary bone of MOR. 1125 is 2.6:1 (Fig, 3, 
and B), Sandsiones entombing the dinosaur, sub- 
ictal to TOF-SIMS as a control, showed fit 
‘np evidence for theseamino acids (Fig 3, D and E), 
We identified a varity of nitrogen-containing 
species — including an alkyl amine group, Coll 
located at 130 amu (fig. S6C)—in all dinosaur 
samples tested, but notin any surounding sedi- 
ments, We also observed a number of Fe-C- 
species such as FeCH, FeCHa, and FeCl, 
associated With the dinosaur matrix (i. S7) but 
‘hot seen in extant material, Similar compounds 
‘were observed in the sediments surrounding the 
dinosaur, These may be microbial products, 
sequences from iron-containing microbial en- 
zymes were identified by mass spectrometry 
(10), We interpret these fgaents as evidence that 
iron may help preserve soft isu through initiation 
of intr and interolecular eros-links (9), 
Dinosaur protein sequence, including collagen, 
should be most similar to that of birds among 
extant taxa, according 0 other phylogenetic 
information (28). The hypothesis that mokeular 
fragments of original proteins are preserved in the 
‘mineralized matrix of bony clements of MOR 
1125 is supported by peptide sequences recovered 
fiom dinosaur extiaets, some of which align 
‘uniquely with chicken collagen «tl type 1 10), 
The amount of protein oF protein-like com 
ponents in MOR 1125 is minimal, The percent 
yield after extraction and lyophilization was 
~0,62% for cortical bone and 1.3% for medullary 
tone, Protein-erived material is only a smal per= 
cemtage ofthe Iyophilate relative to other material 
‘coextracted from bone, as assessed by comparison 
of inmunorcactivity with extant samples. This is 
verified by mass spectrometry, which identifies 
nly fenmiomole amounts of sequenceable mate- 
rial (/0) in-a heterogencous mixture of extracted 
material 
Microenvironments within a single bone vary 
seeatly.and not every fragment of bone examined 
yiekicd positive results. There was a high degree 
of variability between extractions, and we have 
also noted progressive reduction of signal in more 
recent extractions, indicating bone degradation in 
modem environments (29), Therefore, each of the 
analyses we report has been repeated numerous 
times, and we have set a minimum of three rep- 
titions with similar results before reporting 
assay as positive. Additionally, experiments have 
been conducted independently in at least three 


different labs and by numerous investiga 


the results strongly support the endoge 
collagen-like protcin molecules, 

We hypothesize that these molecular frase 
ments are preserved because reactive sites on the 
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original protein molecules became irreversibly 
cross-linked, both to similar molecules and 10 
mineral oF exogenous organic components. These 
‘oss-linking reactions may have been initiated by 
Unstable metal ions that formed five radicals 
(30, 31), which in tum reacted with organic mol 
ecules to form polymers (6,7. 9, 32). We propase 
that the unstable metal ions were derived fiom the 
Post mortem degradation of iron-containing di- 
nosaur biomolecules such as hemoglobin, myo 
wlobin, and possibly cytochromes (9, 32). Ones 
stabilized by these crosslinking reactions, the 
mokeules Were no longer available as substrates 
{or futher degradhtive rections, 

‘The intimate relationship between apatite and 
the organic phase of bone also contributes to the 
preservation of organic matter (16, 33-38), but we 
propose that the mineral phase may be stabilized 
by this relationship as well. The presence of bio- 
enc apatite in these 68-million-yearold bones 
‘ean only be rationalized by protection from an 
intact onganic phase, which in turn is only satisfied 
by a synensstic rlationship between collagen and 
mineral phases, Whereas extant bone retains: no 
detectable cakium aller days to weeks of de- 
‘mineralization, dinosaur bone retains traction of 
recognizable apatite crystals after months of 
treatment (fig. SI). Another contributing factor 
in the retention of original mineral may be tha 
apatite is stabilized in the presence of calcite (33) 
Sandstones. surrounding MOR 1125 contain 
abundant calite cements 

The depositional environments may affect 
‘organic preservation in other ways. Comparison 
‘of fossils from a varity of environments indicates 
that those derived from sandstones are more likely 
to retain soft tissues andor cells (9), We hypoth= 
esize thatthe porosity of sindstones may fiitate 
draining of enzymes of decay and supparating 
Aids as the organism degrades, whereas ongan- 
issn buried in nonporous mudstones or clays may 
be exposed to these longer and therefore may be 
more completely degraded. 

Gur findings indicate the need for optimizing 
methods of extraction and handling of fossil 
material, In particular the decrease in signal we 
‘observed overtime supports the need 1 establish 
field collection and storage of fossils according to 
protocols that allow future analytical studies (29), 

The data presented here illustrate the value of a 
‘multidisciplinary approach tothe characterization 
of very old fossil material and validate sequence 
data reported elsewhere (0). The inclusion of 
fossilerived molecular sequences into existing 
phylogenies may provide greater resolution and 
may allow reconstruction of character evolution 
beyond what is curently possible, Elucidating 
‘modifications to ancient molecules may shed light 
‘on pattems of degradation and diagenesis. The 
presence of original molecular components is not 
predicted for fossils older than a million years 
(1-7), and the discovery of collagen in this wellk 
preserved dinosaur supports the use of actualistic 
conditions 10 formulate mokecukir degradation 
rates and models, rather than relying on theoretical 
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‘or experimental extrapolations derived from 
conditions that do not occur in nature. 
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Protein Sequences from Mastodon 
and Tyrannosaurus Rex Revealed by 


Mass Spectrometry 


John M. Asara2* Mary H. Schweitzer,” Lisa M. Freimark,* Matthew Phillips,* Lewis C. Cantley™* 


Fossilized bones from extinct taxa harbor the potential for obtaining protein or DNA sequences that 
could reveal evolutionary links to extant species. We used mass spectrometry to obtain protein 

‘sequences from bones of 2 160,000- to 600,000-year-old extinct mastodon (Mammut americanum) 
and 2 68-million-year-old dinosaur (Tyrannosaurus rex). The presence of T. rex sequences indicates 
that their peptide bonds were remarkably stable. Mass spectrometry can thus be used to determine 
unique sequences from ancient organisms from peptide fragmentation patterns, a valuable tool to 
study the evolution and adaptation of ancient taxa from which genomic sequences are unlikely to 


be obtained. 


Desig gram sequent fom a 
O-= of toa has cewnenally 

Rone or abst shy the exch 
ton ol alte of oxicinn, Howie 


difficulties in the acquisition of DNA. or RNA 
fiom ancient extinct taxa limit the ability to 
examine molecular evolution, Recent advances 
jn mass spectrometry (MS) technolo 
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rade it possible to obtain sequence information 
fiom subpicomolar quantities of fragmented pro- 
teins and peptides (7, 2), but the conversion of 
these fragmentation pattems (MS/MS. spectra) 
into peptide sequences in the absence of genomic 
‘and protein sequences from publicly available 
databases hats been a challenge. If the unknown 
Peptide is identical in sequence to a protein 
region from an onganism whose genes or proteins 
have previously been sequenced, then the 
faymentation pattem (the massichanse ratios 
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and relative intensities of peaks) will match a 
theoretical fragmentation pattem ffom a sequence 
in publicly available protein databascs or from 
the fragmentation pattem of a synthetically de- 
rived peptide, to confirm its identity 

Using this approach, tryptic peptide se- 
quences of collagen have been identified from a 
100,000- to 300,000-year-old mammoth skull, 
and these matched collagen fragments of extant 
mammatian taxa inchuting bovine, a result that 
was also supported by immunological methods 
(3), MS has also been used to report protein 
sequences from younger fossil specimens (4-6 
However, sequence data from very old (1 million 
_years or older) fossils fas bees hindered by protcin 
‘concentrations below the limits of detection by 
‘most analytical methods, and by theoretical limits 
‘based on predicted rates of degradation (7, 8), In 
addition, most commercial software for identify 
g peptide sequences by MS relies on the peptide 
fragmentation patiem matching identically to that 
‘of a peptide protein sequence in existing sequence 
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databases. Here we show that these hindrances can 
be overcome by a two-step proteomics approach 
to obiain sequences from ion-trap MS ffagmenta- 
tion patterns. 

We sequenced collagen protein fragments 
derived from fossilized bones of two extinet 
taxa: a 160,000- to 600,000-year-old mastodon 
[specimen number Museum of the Rockies 
(MOR) 605} (9) and a 6X-million-year-old 
dinosaur (Tirannosaurus rex, MOR 1125) (10), 
results that are supported by immunological and 
molecular analyses published in this issue by 
‘Schweitaer et al. (11). We frst looked for tryptic 
peptide fragments from extracts of fossilized bone 
that matched identically with sequences fom an 
‘orthologous protein or proteins from extant taxa, 
thereby identifying the protein(s) of interes. This 
is a common procedure for conserved proteins 
from taxa that share genomic information, Next, 
‘we generated a protein sequence database of like= 
ly drifts in amino acids in other tryptic peptides by 
comparing amino acid sequences of the orthologs 
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Fig. 1. Sequence identification by matching 2 peptide fragmentation 
pattern to a predicted tryptic peptide sequence. (A) Example of the chicken 
weighted simple consensus (CWSO) sequence algorithm for predicting 2 
tryptic collagen peptide sequence from a previously unsequenced taxon 
(ostrich) based on three related organisms with one weighted organism 
(chicken). If a consensus of at least two organisms was present at amino 
acid residues that diverged (positions 11, 15, and 23), the consensus res- 
‘due was chosen in the predicted tryptic peptide sequence. For residues that 
diverged where no consensus was present (positions 2 and 3), the residue 
from the weighted organism (chicken) was chosen for the predicted se- 
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‘quence. Amino acid residues that aligned through all three organisms were 
left unchanged in the predicted sequence. (B) The experimental MS/MS 
spectrum from the LOMS/MS analysis of a triply charged peptide from 
‘ostrich bone protein extract that matched to the predicted sequence GPAGP 
(OHIPGKNGDDGEAGKP(OHIGRP(OH)GER and contained three hydroxy- 
proline residues. (C) The MS/MS spectrum of the synthetically derived 
triply charged peptide of the same sequence for confirmation. The typical 
'b- and y- fragment ions from the fragmentation patter of the experi- 
‘mental peptide align very well with the synthetic peptide, validating the 
sequence interpretation, 
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from multiple related extant taxa. This approach 
produced a manageable number of theoretical 
protein sequences. The predicted peptide frag- 


mentation pattem fiom these theoretical protein 
sequences were then compared with the fragmen- 
{ation pattems of additional peptides derived from 


Table 1. Extinct mastodon collagen proteins identified by LOMS/MS, showing identity to extant organisms. 
Alist of colagen proteins from 160,000- to 600,000-year-old mastodon fossilized bone is shown, including 
the number of peptide spectra identified, the amino acid coverage, and the organism identity. 


extracts of fossilized bone that did not match 
Peptides in public sequence databases (iz. St). 
As a proof of concept for this approach, we 
investigated collagen sequences from femur 
bone extracts of an ostrich (Siruthio eamelus), 
an extant onganism whose genomic sequence 
hhas not yet been evaluated and whose protein 
sequences are not available in protein databases 


Number of Amino acid 


Protein name Organism identity 


Collagens are the most abundant proteins in 
bone (900%) and have specific pasttranstational 


epi specs _ coro wit 12, 13), and their lo h 
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Fig. 2. Collagen peptide sequences unique to extinct mastodon identified by 
LOMSIMS, (A) The four collagen ctl peptide sequences found by the approach 
that are unique to ancient mastodon. Xcorr (cross-correlation score) and Sp 
(preliminary score) represent the scores resulting from database searching 
against protein databases using Sequest. The asterisk represents the hy- 
droxylation site after the posttranstationally modified residue. (B) An example 
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‘ofthe experimental MSS spectrum of a doubly charged tryptic peptide forthe 
collagen It] peptide sequence GSEGPOGTR from the LOMSIMS analysis of 
‘mastodon fossilized bone extract identified from a Sequest search against a 
theoretical collagen protein database. (C) The synthetic version of the same 
‘peptide sequence. All major ions from the experimental spectrum align very well 
With the ions from the synthetic versio, validating the sequence. 
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In addition to obtaining sequence data, a fianher 
benefit of using MS is that posttranslstional 
modifications (/6) of the proteins can be deter- 
mined. Approximately 50% of proline residues, 
15% of lysines, and 10% of wlyeines in the cok 
lagen peptides were hydroxylated. Hydroxypro- 
Tine stabilizes the triple helical confirmation of 
collagen in fibrillar structures (12), and hydroxy 
lysine crosslinks individual collagen molecules 
(73), although the function of glycine hydroxy 
ation has not been reported. In some eases, the 
technology used here could not determine post- 
translational medications resulting in very small 
mass shits nor could it distinguish isobaric amino 
acid residues. Approximately 33% of the sequence 
for collagen crt and 16% for collagen «tl were 


identified from ostrich bone extracts through iden- 
tical matches to collagen in taxa whose sequences 
are present in procin databases. Many experimen- 
tal factors can result ina failure to obtain complete 
protein covemge, inchuding pastcolysis, chroma- 
Awgraphy, and ionization eficiency; however, some 
Peptide sequences could have buen missed because 
ofthe evolutionary divergence of amino acids fom 
‘sequences of taxa in current protein databases, 

To address this latter possibilty, we gener 
ated aligned saquences obtained from chicken 
collagen «tt fhe most closely related sequence 
to that of astrich in the public database) with 
those from frog and Japan newt (Cinops 
perrhogasier) (the next most elosely related se- 
quences in the database). For predicted tryptic 


Table 2. 68-million-year-old 7. rex collagen peptide sequences identified by LCIMSIMS. Organism 
identity indicates the extant organisms to which the MS/MS fragmentation pattern perfectly aligned. 


Xcorr, Sequest cross-correlation score; Sp, Sequest 


preliminary score; *, hydroxylation site after 3 


modified residue. The majority of collagen sequence matches from 7. rex align uniquely with 


chicken from publicly available protein databases. 


Peptide sequence Protein Organism identity Sp 
GATGAP*GIAGAPG*FP*GAR Collagen att Chicken, frog 1099 
G"AAGPP*GATGFP"GAAGR: Collagen «itt Newt, fish, mouse m7 
GVQGPP*GPQGPR Collagen itt Chicken 865 
‘GLPGESGAVGPAGPIGSR Collagen watt Chicken 479 
GWGLP*GOR Collagen ott ‘Multiple organisms 500 
GLVGAPGLRGLPGK Collagen it2 Frog 410 
GAPGPQG*PAGAP*GPK Collagen itt Newt 272 
A 
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Fig. 3. The LO/MS/MS fragmentation pattern from a 68-million-year-old spectrum ai 


T. rex peptide. (A) The experimental MS/MS spectrum for the T. rex doubly 
charged hydroxylated tryptic peptide sequence GVOPP(OH)GPOGPR from 
femur bone extract identified by LC/MS/MS. (B) The synthetic version of 
the same sequence. All major fragment ions from the experimental 
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fiagments where one or more of these three taxa 
diverged at more than one residue, we generated 
a set of theortical peptide protein sequences that 
included the exact sequence in rezions where all 
three species were identical and various combina- 
tions of the observed variant amino acids at res- 
‘dues where the thee spocies divenzed (Fig. 1A). 
‘We assumed that dilerences between chicken and 
«stich are most fkely to occur at residues that have 
been observed to drift from chicken to fog and 
nowt, Because chicken is phylogenetically closer 
to ostrich than fiog oF newt, we chose the residue 
ebserved in chicken as the most likely residoe 
‘when all three species differed at a location but 
chose the majority residue where two out of three 
‘were identical ata given position, For thisexample, 
‘we predicted a theoretical drift from chicken that 
‘was likely to be observed ina related spacies such 
as ostrich, This sequence (as well as other se 
quences predicted in an analogous manner) 
matched MS/MS fragmentation patiems from 
atric bone extract as well asa synthetic peptide 
created for sequence validation (Fig, 1, Band C), 
Additional theoretical sequences: were gen 
crated for misaligned residues by using point- 
assisted mutation (PAM) matrices that predict 
changes in amino acid residues through evolu 
tion (7), rather than choosing a residue from 
‘one of the three inital organisms (/8). In addi 
tion to sequence matches to related organisins, 
the approach found six adklitional collagen pep 
tide sequences that were unique 16 extant ostrich 
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very good alignment with ions from the synthetic version, 
‘confirming the sequence. This molecular sequencing evidence of protein 
from a 68-million-year-old fossilized bone demonstrates excellent pre- 
servation of the T. rex femur and the high sensitivity of state-of-the-art 
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‘and had been missed in the comparison with pub- 
lic databases (table S2). Of these six sequences, 
four were determined using the organism weighted- 
consensus method and two were determined 
using the PAM weighted-consensus method. 
Although this approach enly increased the total 
sequence coverage of ostrich collgen from 
~33% to ~39%%, it revealed sequences in ostrich 
collagen that diflered from those in chicken or in 
cother species in the database, thus providing. 
means to assess evolutionary divergences, be- 
tween these species. 

For mastodon sequences, we sampled ex- 
tracts fiom mustodon long-bone fragments dating 
to 160,000 to 600,000 years ago that preserved 
soft tissues (9, 19). 74 tryptic peptide MS/MS, 

ctra matched collagen sequences from extant 
alian organisms in the protein database 
1), The sequence matches resulted in ap- 
proximately 32% coverage for collagen elt and 
29% for collagen a2tl. The fraction of glycine 
With hydroxylation in the mastodon collagen 
Peptides was somewhat higher (~S0M%) that that 
‘observed in ostrich collagen, whereas the faction 
‘of hydroxylated profine and lysine residues was 
similar 10 that in ostrich, 1 is possible that the 
subset of peptides with hydroxylation on glycine 
is resistant to proteolysis, thus explaining the 
enrichment, Altematively, enzymatic glycine 
hydroxylation may be more active in the masto- 
«don than in the ostrich, or the ewidation may have 
‘occurred nonenizymatically over hundreds of 
thousands of years, The mastodon sequences ob- 
tained were more closely related to collagen 
sequences fiom dog, bovine, human, and eke- 
pphant than to nonmammalian tas, as expected, 

We used the same approach as for ostrich to 
identify collagen peptide sequences unique to 
imastodon. We compared drifts in sequences be= 
tween vertebrate mammals, including human, 
dow (Canis familiaris) and mouse (Mus muse 
Jus) as well as PAM to generate additional the- 
foretical collagen sequences centered on extant 
‘mammalian species and added them 10 oUF pro- 
tein database containing theoretical ostrich se 
quences. Elephant (Lecadonta africana), the 
most closely related extant taxon (20), was not 
ised 10 generate predicted collagen sequenices 
because incomplete peptide sequence fragments 
translated from genomic data are available in pub~ 
Fic protein databases. Other combinations of mum 
malian onganisms such as bovine were also used 
to generate additional predictions. Four additional 
mastoxton peptide sequences from fragmentation 
pattems matched the theoretical sequences; to 
from the onganism weighted-consensus: method 
and two fiom the PAM weighted-consensus meth- 
‘0d (Fig. 2A). Those sequences were confinned by 
Sabana iS Seecialia aba © a 
obtained wit synthetic peptides (Fi 3 

‘The additional sequences increased the amino 
acid coverage of mastodon collagen «ltl from 
approximately 32% to 37%, a comparable 
increase to that for the ostrich collagen. We thus 
obiained nearly as much coverage of collagen 
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sequence from the 160,000- to 600,000-year-old 
fossilized bone (37%) as from a freshly collected 
ostrich bone (39%). 

For Trex sequences, we analyzed proteins 
from the femur of a 68-million-year-old T. rex 
(MOR 1125) recovered from the hase of the 
Hell Creck Formation, This bone preserves soft 
tissues (0). Previous attempts 10 obtain protcin 
for DNA sequences from such ancient fossils 
hhave failed because of extremely low concentrs- 
tions of onzanic material remaining afler extrac- 
tion and because of degradation or modification 
Of the remaining onganic materials (7). Protcin 
extracts fiom the TZ. rex were prepared as for 
ostrich and mastodon; however, the tryptic 
Peptides required multiple purification steps 
(solid-phase extraction, strong cation exchange, 
and reversed-phase microchromatography) in 
conker to climinate a nistcolored coextracting 
‘contaminant and to inerease the concentration of 
peptidic material, Three sequences from initial 
LOMSMS experiments from the Z: rer samples 
indicated the presence of the inon-containing 
metallocnzyme nitvike hydratase beta, derived 
from soil bacteria Rhodacoceus 3p. and involved 
in biodegradation (27). Two peptides from a cok 
lagen adhesion protein from Solibacter usitatis 
were also sequenced. Microbial contamination 
\was not significant, most likely because of the 
deep burial of the fossilized bones in the strata of 
the Hell Creek Formation, 

The MS/MS spect obtained from pro- 
cessed T-rex bone extracts revealed seven total 
collagen peptide sequences that could be aligned 
With predicted fiagmentation pattems of colla- 
gen atl, a2t1, oF a2 sequences fiom extant 
Vertebrate taxa in the public protein database 
(Table 2). These sequences could be reproduced 
from multiple LOMS/MS experiments: however, 
different peptides were sequenced from five dif 
ferent sample preparations of 7 rex protein 
extract over a 15-year period. The last two ex 
tractions yielded less sequence information than 
carlicr extractions. probably because of degrada 
tion of the fossil overtime alter removal from its 
\wellpreserved native environment (22). As in the 
‘extant ostrich and extinet mastodon, most of the 
Peptides contained hydroxy! modifications. on 
‘proline lysine, or glycine residues. Sediment and 
‘butler control samples were analyzed, and no se- 
‘quences from collagen were found, although bac- 
Aerial peptides were also present in sediment. 

A BLAST alignment and similarity search 
(23) of the five T. rex peptides from collagen 
atl as a group against the al-inca protein data- 
‘base showed SS% sequence identity 10 chicken, 
followed by fog (51% identity) and newt (31% 
identity). The small goup of peptide sequence 
data reported here support phylogenctic hypothe- 
ses suggesting that T-rex is most closely related 
to binds among living organisns whose collagen 
sequence is present in protein databases (24-26). 
The collagen sequences from other closely related 
extant taxa. such as alligator (Alligator sinensis) 
and crocodile (Crocoxhius actutas) are m0 present 


in current protein databases, Ifall sequences were 
consistent with a single extant organism, it might 
indicate that the samples or our experiments were 
contaminated, However, we identified regions of 
sequence that align uniquely with multiple related 
Vertebrate ta in protein databases, The highly 
conserved nature of collagen proteins results in 
‘ery fimited regions that do not overlap, and the 
sequence alignments vary by only one or 10 
amino acids, even in distantly related onganisms. 
Because these peptides are all derived fiom the 
same bone matrix, one would Inive to make the 
argument for multiple contamination events from 
‘nganiams, such as newt, that are not native to 
Hell Creck environments and have never been 
inside the buildings that have housed these bane 
samples, For further validation of the sequence 
data, Fig. 3 shows one of the experimental Trex 
sequences, GVQGPP(OHGPQGPR (27), that 
‘matched to chicken collagen «lt and the synthetic 
version of the peptide. The experimental spectrum 
shows lower signal intensity and more chemical 
tise than the synthetic peptide, which is not 
suprising because the spectra were derived from 
68-million-year-old endogenous proteins. The 
signal intensities of the mass spectra indicate that 
nly low or subfemmomole levels of peptides were 
‘reduced fiom tryptic digestions of approximately 
30 mg of bone protcin extract, Peptide sequences 
nique to T. rex were not found, most likely 
because few peptides were avalible for sequenc- 
ing as compared to the ostrich and mastodon 
samples. In support of these results and data 
shown here and by Schweitzer ef al, (2), in situ 
localization with avian antibodies 10 collagen 
type I shows the presence of collagen, which 
disappears after treatment with collagenase (7). 

The ability to sequence intact peptides from 
1 68-million-yeat-old source is tributed t0 se~ 
ral factors, including the exceptional preserva- 
tion of the soft tissues fiom the Hell Creck 
‘environment, the fresh preparation of the fossil 
samples without curation or preservation (22) 
and the advancements in the sensitivity of MS 
technology over the past decade, The fact that 
sequenceable collagen was very abundant in the 
smastodon sample, which could be approximate- 
ly half a million years olf, also sheds light on 
the fact that sequenceable protein lasts: much 
Jonger than 1 million years, 

‘As tcchnologies become more refined and 
protein extraction techniques are optimized, more 
informative material may be recovered, This 
hokls promise for future work on other fossil 
material showing similar preservation, but also 
demonstrates a method for obtaining protein se- 
quences from rare or endangered extant orga- 
nisms whose genomes have note been sequenced. 
‘The MS- and bioinformatics-based approach we 
have used can be applied not only to obtain se- 
quences from extinct organisms, but also to 
obtain protein sequences fom extant organisms 
‘whose genomes have not been sequenced and 0 
discover mutations in diseased tissues such as 
cancers. 
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Lymphotoxin § Receptor-Dependent 
Control of Lipid Homeostasis 


James C. Lo, 


* Yugang Wang,?* Alexei V. Tumanov,?* Michelle Bamji,’ Zemin Yao,” 


Catherine A, Reardon,? Godfrey S. Getz? Yang-Xin Ful?t 


Hypertipidemia, one of the most important risk factors for coronary heart disease, 


is often 


associated with inflammation, We identified lymphotoxin (LT) and LIGHT, tumor necrosis factor 
‘cytokine family members that are primarily expressed on lymphocytes, as critical regulators of key 
‘enzymes that control lipid metabolism. Dysregulation of LIGHT expression on T cells resulted in 
hypertrighyceridemia and hypercholesterolemia. in low-density lipoprotein receptor~deficient mice, 
which lack the ability to control lipid levels in the blood, inhibition of LT and LIGHT signaling with a 
soluble lymphotoxin fs receptor decoy protein attenuated the dyslipidemia. These results suggest 
that the immune system directly influences tipid metabolism and that LT modulating agents may 
Tepresent a novel therapeutic route for the treatment of dyslipidemia. 


therosclerasis results from a combination 
A dyslipidemia (ysregulation of lipid 

Jovels in the blood) and inflammation- 
mediated pathology of the vasculature (7-3). In 
paticular, systemic inflammation is often ase 
sociated with hyperlipidemia, athough the exact 
mechanistic link is unclear (4), Members of the 
tumor necrosis factor superfamily (TNFSF) of 
eytokines are involved ina wide array of bio 
logical processes, including immune function, 
cell death and survival, and atherosclerosis. 
Among these, lymphotoxin (LT) and LIGHT 
are potent proinflammatory ligands expressed 
primarily on cells, and both bind to lympho 
toxin B receptor (LTBR), a tumor necrosis factor 
receptor superfamily member. Disruption of 
LTBR signaling in mice results in a wide array 
‘of phenotypes including lymph node aplasia, 
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impaired splenic microarchitecture, suomi 
Vira infection, and grossly impaired imum 
noglobulin (Ig) responses (5-7). 


Fig. 1. T lymphocyte-derived 
LIGHT promotes dyslipidemia, (A 
to D) Wild-type (WT) and UGHT Tg 
mice were fed 3 normal chow 

(A and B) or Westem-type diet 
(WD) (C and D) for 2 weeks and 
then assayed for plasma total 
cholesterol and triglycerides. (E) 
WT and LIGHT Tg spleen and lymph 
node cells (10” per mouse) were 
transferred into sublethally 
radiated (600 rad) WT mice that 
were then fed WID; after 4 weeks, 
plasma total cholesterol levels were 


Recent clinical, genetic, and epidemiological 
studies have linked LT to the development of 
atherosclerosis and myocardial infarction (8, 9) 
However, the contribution of LT to lipid 
homeestasis—a likely influencing factor in 
atherogenesis is not established. In one in- 
flammatory mouse model, inereased expression 
of LIGHT on T cell lineage in Lek LIGHT 
transgenic (Tg) mice culminates in the develop 
‘ment of systemic inflammation, hepatomegaly, 
and inflammatory bowel disease (10, 11), 
Lymphocytes can have intimate contact with 
hepatocytes, which raises the possibility. that 


some T cell-derived ligands as LT and 
LIGHT may deliver signals that regulate various 
liver functions. Indeed, LT and LIGHT have been 


shown to impart signals necessary for liver = 
zcncration as well as for pathogenesis of hepatitis 
(2.13. 

Given the observed effects of LT and LIGHT 
‘on the liver, and given that lipid homeostasis 


determined. (F) LIGHT Tg mice on a 
‘normal chow diet were injected with 
control human Ig (hig) or LTBR-g 
‘on day 0; after 1 week, plasma total 
cholesterol was determined. Each 
individual symbol represents values 
from WT (triangles) and UGHT Tg 


(circles) mice. Means are plotted as 
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is tightly regulated by the liver, we tested wheth- 
er lipid metabolism might be perturbed in the 
Lck LIGHT Ty mice. At4 10 8 weeks of age. 
LIGHT Te mice displayed hypercholesterolemia 
(20.001) even ona normal diet (Fig. 1A) and 
triglyceride levels were aso elevated in LIGHT 
Tg mice mlative to wild-type mice (P = 0.02) 
(Fig. 1B), This hypertpidemie phenotype was fur- 
ther exaggerated when the mice were placed on a 
igh-fit, high-chokesterol dict, with LIGHT Tg 
mice developing hypertiglyccridemia (P< 0,01) 
and worsened hypercholesterolemia (P< 0.01) 
1, and D), In contrast, the plasma lipid 
levels of wild-type mice did not change on the 
same diet (Fig. 1, A to D). 

Although liver LIGHT Tg CD4 and CDS 
T cell numbers (lig, SIA) as well as LIGHT 
‘expression (fig. S2) were increased in + 0 8 
\week-oll lek LIGHT Tg mice, inflammatory cell 
infiltration and fiver cell damage were not 
‘obvious at this point (ig. SI, B and C), Notably, 
these inereases occured carter than the evelop- 
ment of inflammatory bowel disease in these 
“animals (fig, SUF). This raised the possibility that 
LIGHT itself, or activated T cell, might factiate 
hyperlipidemia, Using transfer of purified LIGHT 
Ty Tells to wild-type mice to test this hypothesis, 
wwe observed increased plasma cholesterol levels 
in the meipient animals (Fig, 1E and fig 
\hich could be comected by inhibition of LIGHT 
signaling with the use of LTBR-Ig fusion pro 
(Fig. 1F), These results revealed that LIGHT ex- 
pressed on T lymphocytes was capable of regulat- 
ing lipid homeostasis, 

‘To further address the potentia 
of LIGHT-mediated dyslipidemia, we 
LIGHT Ty mice with mie lacking each of the 
‘wo defined receptors for LIGHT: the herpesvirus 
entry mediator (HVEM) and LIBR (6, 
LIGHT-mediated dystipidemia was still present 


mechanism 
rose 


B, and fig. S4). HL is a key enzyme in lipid me- 
tabolism by the liver, hydrolyzing triglycendes 
and phospholipids associated with plasma lipo- 
proteins (/5). HIL may function both as lipolytic 


Fig. 2. LIGHT-dependent dystip- A 
‘demia is mediated by LIBR signal 

ing. (A to D) Mice of the indicated 
‘genotypes were fed WTD for 2 weeks 
and were then assayed for plasma 
total cholesterol [(A) and (O} and 
‘triglycerides (B) and (D)]. "P< 0.05, 
P< 001, “P< 0.001. 


and even worsened in LIGHT Tw/AVEM 
rice but_was corrected in LIGHT 
2), These data suggest 
that the LIGHT-LTR interaction, but not the 
LIGHTT-HIVEM interaction, was essential for the 
dyslipidemia in LIGHT Tg mice. In contrast, 
HIVEM signaling may have had a modest pro- 
tective influence on dysfipidemia in most mice, 
‘TWo likely target organs known to regulate 
lipid homeostasis ae the liver and intestine. We 
focused our initial atention on the liver as the 
most likely organ to influence plasma lip ba 
ance, because there was no evidence of impaired 
Jipid absomption in the gut ofthese animals (fg, 
SIE), Hepatic gene expression profiles of wild- 
nd LIGHT Ty mice were first yenerated by 
Afiymetiix: microanay analysis (/4). OF more 
004 hepatic genes, 38S were identified 
with expression levels that were altered by a 
{actor ofS or more. These genes were subslivided 
into specific pathways, with particular attention 
to those known to regulate lipid and cholesterol 
‘metabolism. In particular, relative expression of 
hepatic lipase (HL) was decreased by a factor 0 
20 in the livers of LIGHT Ty mice (Fig. 3, A and 
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enzyme and 2s a ligand for hepatic receptor 
based uptake of triglyceride-rich lipoproteins 
(Z5). Inactivation of the HL gene in low-density 
lipoprotein receptor (LDLR)-deficient mice has 
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Fig. 3. Dysregulated LIGHT expression on T cells reprograms hepatic gene expression. (A) HL mRNA 
level expression by real-time PCR. “*"P < 0.001. (B) Norther blot analysis of HL expression. (C) Analysis 
of HL protein expression level in post-heparin plasma by Western blot. (D) Post-heparin plasma HL 
‘enzyme activity analysis using the CONFLUOLIP hepatic lipase kit. *P < 0.05. (E) LIGHT-mediated 


repression of HLis dependent on the LTR, not HVEM 


signaling. Shown isa representative Northern blot 


‘on the mice of the indicated genotypes. (F) LIGHT can directly repress HL expression in hepatocytes. 


Primary hepatocytes from WT (left) or LTAR™ (right) 


‘mice were incubated with or without recombinant 


mouse LIGHT overnight, and their HL mRNA levels were quantified by real-time reverse transcription 
PCR. “P< 0.05; experiments were performed three times. 
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been found to result in elevation of very-tow- 
density lipoprotein (VLDL) and dyslipidemia (/6), 
Whereas overexpression of HL acts to sub- 
stantially decrease triglycerides and lipoprotein 
cholesterol, especially in the ApoB-containing 
lipoproteins (17). The change of HL gene ex- 
pression in LIGHT Tg mice (Fig. 3B) comelated 
very well with the protein expression level and 
enzyme activity in the post-heparin plasma 
(Fig, 3, C and D). The levels of HL mRNA ex- 
pression were increased in the livers of LIGHT 
TwLIBR— mice relative to LIGHT Ty mice 
(Fig, 3B), In contrast, the enzyme activity of HL 
mRNA expression in LIGHT Te HVEM— 
nained at levels seen in LIGHT Tg 
5), Taken together, 
these results sugwest that LIGHT-LTBR inter- 
actions inhibit the expression of HL in a way 
that could explain the hyperlipidemia in LIGHT 


Taking into account the effetive normal 
ization of lipid levels in LIGHT Ty mice by 
LTPR-Ig treatment (Fig. 1F), we tested whether 
inhibition of LTBR signaling could restore cho- 
lesterol Kevels in hypercholesterokemic HL 
mice, The cholesterol evels were unchanged af- 
ter weekly treatment of H1L-teficient mice with 
LTPR-Iy reagent for 8 weeks (fig. S6), although 


a rapid change was detected in LIGHT Tg mice 
by the same treatment (Fig IF) These data 
provide farther support for the importance of 
LTBR signaling in regulation of HL expression 
and consequent dyslipidemia, 

Thus far, our data support the hypothesis that 
LIGHT could potentially signal via the LTBR on 
hepatocytes to directly inhibit the expression of 
HL. To directly assess this possibility, we 
stimulated primary wild-type and LTBR7~ 
hepatocytes with recombinant mouse LIGHT: 
the result was a significant depression of the 
expression of HL in primary wildtype hepato- 
cytes (P< 0.05) (Fig. 3F) but not in the primary 
hepatocytes lacking LTBR expression. To test 
whether direct contact between hepatocytes and 
Tells was responsible for control of HL expres- 
sion, we incubated hepatocytes and LIGHT- 
expressing T cells together or separated with a 
‘ranswell culture. In these experiments, inhibition 
OF HL expression was evident only when hepa- 
toeytes and LIGHT Ty T cells could be in direct 
contact (fig. S7B}, which further suggested that 
LIGHT signaling via direct interaction with 
LTBR is required for its effects on HL expression 
in hepatocytes, 

‘To this point, our data suggest a pathogenic 
role for LIGHT-induced LIBR signaling in 


Fig. 4. Soluble LTR antagonist reverses dyslipidemia 
in a murine model of atherosclerosis. (A and B) 
LOLR™ mice were fed WTD and injected with hig or 
LTpRg weekly. The plasma levels of total cholesterol 
and triglycerides were analyzed at the indicated time 
points. "P< Q01, "P< 0.001. Experiments were 
performed twice. (© FPLC analysis of plasma from 
{LDLR™ mice on WTD for 12 weeks treated with hlg or 
LUTpRAg. (D) Lipoprotein cholesterol levels in LOL 


omy 


mice treated with hig or LTBR-Ig. *P < 0.05, **P < 0.01. (E) HI expression levels were quantified by real- 


time PCR from livers of LDLA™ mice on WID treated 


ywaww.sciencemag.org 


with hig or LIBR4g. *P < 0.05. 


SCIENCE VOL 316 


REPORTS. B 


plasm lipid homeostasis. To test this 
separate model, we analyzed LDLR™ mice, 
‘which also display dyslipidemia (/8). Hype 
lipidemia is less severe when LDLR~ mice are 
crossed with RAG/~ mice (19), 0 itis possible 
tem might participate in lipid 
regulation. Potentially this might be initiated by 
dyslipidemia induced by the LDLR deticien 
in such a scenario, the immune system would be 
activated and in tum would activate LTBR si 
naling and further promote hyperipidemia by a 
positive feedback loop, To test this hypothesis, 
‘we firs tested whether overexpression of LIGHT 
by T cells in DLR mice could promote hy- 
revlipidemia. Transfer of bone marrow cells 
figan LIGHT Tg mice to LDLR™ recipient mice 
enhanced hyperlipidemia relative to transfer of 
wild-type bone marrow (fig. S¥). fn contrast, the 
absence of LIGHT or LT ligand on transfered 
bone marow cells ameliorated the hyper- 
cholesterolemia in LDLR™ recipient mice, most 
prominently in the absence of LT Higand (lig, 
'S9A), Interestingly, LDLR-deficient mice recon- 
stituted with bone marrow trom £7" donors, 
but not LIGHT donors, expressed higher HL 
mRNA levels and IIL enzyme activity relative 10 
‘mice reoonstituted with bone marrow from Wilk- 
type donors (fig. $9, B and C). These results 
imply that LIBR signaling is an impo 
madiator of the pathogenesis of dyslipidemia 
LDLR-deficient mice and that LT may be a more 
poset ligand in this model, 

Although the numbers of activated (CD44°) 
CDA" T cells did not show measurable change 
in LDLR™ LT bone marrow transfer recipients 
(fig. SOF), the overall numbers of CD4 and 
CDS T cells were reduced in these animals (fi 
‘S9D), corresponding with reduced plasma cho- 
lesterol levels (fig. S9A), However, these bone 
marrow recipients did not display altered ex- 
pression of macrophage ApoE: (fig. SOF), which 
indicates that LTR signaling might not work 
though the regulation of ApoE expression on 
macrophages. 

Because our results showed a direct effect of 
LTR signaling in dyslipidemia in LOLR™* 
mie, we further tested the eflects of therapeutic 
injection of LTBR-Ig protein. Afier weekly doses 
of LTBRlg for 12 weeks on a high-fat diet, 
LDLR™™ mice showed a substantial reduction 
in total cholesterol (P < 0,001) and triglycerides 
(P< 001) (Fig. 4, A and B), Fast protein liquid 
chromatography (FPLC) analyses of the plasma 
lipoproteins revealed that LTBR-1g. treatment 
reduced levels of VLDLe (P= 001) and LDLe 
(P < 0.05) without perturbing levels of HDLe 
(Fig, 4, C and D), However, in the absence of 
adaptive immune cells in LDL RAG-"* 
mice, or without natural killer (NK) T ectls 
LDLR™* CD 1d inice. lipid levels are partially 
reduced and the same treatment was not effective 
incausing further eduction (fiz. $10). These data 
imply that T cells, especially NK T cells, might 
be the major source of LT and/or LIGHT in pro- 
‘moting hyperlipidemia in LOLR™~ mice. 
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Real-time quantitative polymerase chain reac- 
tion (PCR) analyses revealed an inerease of HL 
expression in the livers of mice treated with 
LTBR-Ig (P< 005) (Fig. 4E), which may have 
contributed to the decrease in VLDLe levels 
‘observed in these mice. These data suggest that 
antagonism of the LT-LIGHT signafing pathway 
scan increase HL expression and ameliorate the 
dyslipidemia in LDLR-deficient mice. 

‘This study points to a complex interaction 
between T cells and liver cells in regulating lipo 
protein homeostasis, mediated by two TNESF 
ligands (LT and LIGHT) and their receptors. Our 
data raise the prospect that T cells and T cell 
derived ligands might contribute diteetly to the 
complex regulation of lipid homeostasis. How= 
ever, genes other than HL are also likely to be 
involved in the LTBR-ependent effects we have 
‘observed and will clearly be the focus of future 
studies. Finally, itis possible that LT-modulating 


agents may represent a novel therapeutic ap- 
proach for the treatment of dyslipidemia, 
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Structural Basis for Substrate 
Delivery by Acyl Carrier Protein in 
the Yeast Fatty Acid Synthase 


‘Marc Leibundgut,* Simon Jenni,” Christian Frick, Nenad Bant 


{In the multifunctional fungal fatty acid synthase (FA‘ 
shuttles reaction intermediates covalently attached t 


the acyl carrier protein (ACP) domain 
prosthetic phosphopantetheine group 


between the different enzymatic centers of the reaction cycle. Here, we report the structure of the 
Saccharomyces cerevisiae FAS determined at 3.1 angstrom resolution with its ACP stalled at the 


active 


Of ketoacyl synthase, The ACP contacts the base of the reaction chamber through 


conserved, charge-complementary surfaces, which optimally position the ACP toward the catalytic 
left of ketoacyl synthase. The conformation of the prosthetic group suggests a switchblade 


mechanism for acyl chai 


J cartier protein (ACP) and related 

A substrate shuttling domains are essential 
in many metabolic pathways, including 

{ity acid, polyketide, and! nonribosomal protein 
biosynthesis (7-3), During fatty acid synthesis, 
substrates are linked via a thioester bond to the 
prosthetic phosphopantetheine (PPT) group of 
ACP. In the dissociated type IL fatty acid synthase 
(EAS) systems of most cteria and plants, ACP 
is a highly abundant, small protein, which se 
‘quentilly transfers the acy!-chain intermediates 
between the different enzymes during the eyetic 
reaction (/). The type [FAS systems of mam- 
mals, fungi, and some bacteria comprise lange, 
muhtitunctional enzymes into which ACP is 
integrated together with the catalytic domains 
(4-6). This leads 10 a drastically increased local 
concentration of ACP and of all catalytic do- 
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delivery to the active site of the enzyme. 


mains and allows efficient catalysis by shuttling 
the reaction intermediates from one reaction cen- 
terto the next (7, 8) 

Previous sinuctural studies of bacterial and 
plant type I ACPS and related carrier domains 
revealed that the proteins fold into a flexible all 
jcal bundle (9-15). A hydrophobic cavil 
formed within the helix bundle of ACP shows 
high structural plasticity, allowing it to accom- 
modate thivester-bound acyl-chains of different 
lengths (72, 16). 

Limited structural information about the 
interactions of ACP with catalytic enzymes and 
the mechanism of substrate defivery is currently 
available (/7). Docking models, nuclear mag- 
netic resonance and crystallographic experiments 
performed in the type Il FAS system indicated the 
importance of the ACP recognition helix a2 for 
‘enzyme binding (/8-2)) In the structure of the 
fungal af, 2.6-megadalion FAS complex from 
Thermomyces lameginosus, we observed weak 
electron density in both reaction chambers, pas- 
sibly representing dynamically disordered ACP 
domains (22), In an attempt to gain additional 


information about substrate delivery by the ACP 
domain, we determined the structure of yeast 
FAS and visualized ACP stalled at the active 
‘of ketoacy! synthase (KS), the subst 
condensing enzyme in the comples, 

‘The Saccharomyces cenevisiae FAS crystal 
structure was solved by molecular rephacement 
using the T damuginasus FAS coordinates (23) 
The comparison of the two homologous FAS 
structures reveals only minor structural differ- 
ences (Fig. 1A, figs. S6 and $7), Both atomic 
models comprise the full st of catalytic domains 
involved in the fatty acid elongation eyele with 
an idemtical organization of the catalytic sites, 
‘which are pointing toward the inside of the reae= 
tion chamber. The small structural differences 
‘between the two FASS, which erystallize in difor- 
cent space groups and under distinet conditions, 
support the model for substrate shutting without 
the nced for lange conformational changes of the 
enzymatic domains in the complex during the 
reaction eycle ($, 22), In yeast FAS, we were able 
to identify interpretable election density for the 
ACP domains at the base of the chamber, close 10 
the catalytic clef ofthe KS domain (Fig. 1A and 
fig. SI). Each of the three ACPS per reaction 
chamber is N-terminally anchored to the chamber 
‘wall and C-terminally attached to the middle of 
the central wheel (Fig, 1B), 

The structure of the yeast ACP domain is 
about twice the size (18 kD) of the fvestanding 
bacterial ACP (Fig. 2A), Fungal ACP is all a= 
helical, and the four N-terminal helices super- 
impose well with structures of plant and bacterial 


homologs (12, 16), thereby d he ACP 
core (Fig. 2A and fi weeny 
is located in a loop between helices «7 and a8, 


the latter corresponding to the ACP recognition 
helix (Fig. 2A), This residue has previously been 
identified as the attachment site of PPT by 
genetic and biochemical experiments (24-27), 
Extending from the position of serine 
S™ crs) unbiased electron density maps 
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show the phosphate and pantoie acid moisties 
‘of the prosthetic group reaching into the active 
site cleft of KS (Fig. 2B), This conformation 
differs considerably from the one observed in 
the structures of Escherichia coli ACP in com- 
plex with acyl substrates (Fig. 2A) (6), In 
these complexes, the PPT moieties are rotated 
inward, and the acyl chains are buried in a 
deep, hydrophobic pocket formed by the ACP 
core, which may represent the transport form 
of aeyLACP during substrate shuttling be 
tween the different catalytic domains. Notably, 
an empty hydrophobic pocket is recognizable 
also in the yeast ACP structure in complex 
with KS (Fig. 3A). 

‘The N- and C-terminal tethering points on 
fungal ACP are opposite the site of the pros- 
thetic group attachment, which maximizes the 
distance between the thiol group of the PPT 
arm, where the substrates are covalently bound, 
and the site Where the flexible linkers are at- 
tached (Fig. 2A and 3A). This organization 
may also prevent the flexible linkers from in- 
terfering with ACP binding tothe enzymes and 
substrate delivery. 

‘The KS active site is Jocated close to the 
approaching PPT arm of ACP and consists of 
4 catalytic triad involving residues CO css 
ses. and Hesse) (Fig, 2B). The crite 
ical role of the catalytic eysteine has heen es- 
tablished in yeast FAS by biochemical labeling 
and, genetic experiments (24, 26, 28). Lysine 
Kas.) may also contribute to catalysis, be= 
cause, in bacteria, a corresponding Iysine is 
critical far decarboxylation (29), 


We observe two major contact areas between 
fungal ACP and KS: The first involves the ACP 
core, including the ACP recognition helix aX, 
‘which contacts residues surrounding the entrance 
lo the active site cleft of the KS care fold (Fig. 3B 
and figs. S2 and S3), This contact is consistent 
with the experiments, which demonstrate that the 
bacterial ACP recognition helix és important for 
enzyme binding (8-21). The second is formed 
‘hetween the additional part of the ACP domain 
and the large spoke of the central wheel, which 
consists of KS expansion segments (Fig. 3B). 
Notably, both subunits in the fungal KS dimer 
contribute to both ACP contact areas (figs. $3 
and S4). The interactions of ACP with the 
condensing enzyme indicate a more directed 
mechanism for substrate delivery, rather than 
incidental binding of ACP-linked substrates 10 
the KS active site 

‘Strong evidence indicates a physiological role 
forthe observed interactions: (i) If we model the 
remaining Pralinine and eystamine moieties of 
the PPT am in a sterically reasonable manner, 
starting fiom the observed pantoic acid moicty, 
the 18 A-Jong prosthetic group extends directly 
into the KS catalytic cleft and terminates next t0 
the catalytic cysteine Css (Fig. 2B), (i) 
ACP has patches of positively charged surface 
residues that interact with complementarily 
charged residues near the cleft entrance and in 
the large spoke ofthe central wheel (Fig. 3C). (i) 
‘The residues that mediate the interactions are 
highly conserved in both the ACP domain and 
the action chamber (fig. SAD). (iv) We also 
observe weak electron density for ACP at a 


~ me 


per 


Fig. 1. Three ACPs are stalled in each of the two reaction chambers in the heterododecameric yeast 
FAS complex. (A) The superposition of the yeast (green) with the T. lanuginosus (light blue) FAS 
structure reveals a very high homology (the root mean square deviation between 19725 C, atoms 
is 17 A), Although ACP is disordered in the T. lanuginosus crystals (22), itis visible in yeast (red). 
‘One type of four-helix bundle atthe periphery of the central wheel could onty be built in 7. lanuginosus FAS 
(indicated by an asterisk). (B) Anchoring of ACP within the reaction chambers. The ACP domains, 
shown as red surfaces, are located between peripheral and central anchors, which are displayed as 
‘green ribbons. The flexible linkers L1 and L2, which double-tether ACP, are not seen in the electron 
density map but are schematically shown as dashed yellow lines. The refined portion of the PPT 


prosthetic group of ACP is shown in black. 
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Similar position above the KS in 7. anuginosus 
FAS erystals (22). 

‘Although tight and preferential binding of the 
ACP domain to one of the catalytic domains 
‘would interfere with efficient substrat 
energetically balanced, Jow-affin 
interactions for all active sites would 


transfer of substrates and intennediates within the 
reaction chamber, It is not clear why the substrate- 
depleted multienzyme 


the erystal has stalled 


tions, which favor protein-protein interactions, 
ACP has a higher affinity for the KS than for 
other catalytic sites 

Our results suggest a model of how ACP 
cou! first bind 10 the surface of the reaction 
chamber, close to the KS active site, and then use 
its exible prosthetic arm to thread the acy! chain 
into the deep catalytic cleft, In a switchblade- 
like mechanism, the PPT arm carrying the acyl 
chain initially buried within the hydrophobic 


Fig. 2. Structure of yeast ACP bound to the KS 
catalytic cleft. (A) The prosthetic PPT group 
‘Gpheres) covalently attached to the ACP core 
(cyan) adopts an extended conformation in the 
fungal FAS complex. The ACP core forms a com- 
ppact domain with an additional four-helix bundle 
(ray), rendering fungal ACP considerably Larger 
than the bacterial counterpart (blue, shown in the 
same orientation). During interdomain substrate 
shuttling, the PTT arm might fold back on ACP 
{arrow), thereby inserting the acyl chain into a 
cavity formed by the ACP core, as observed in the 
isolated €. coli ACP structure (26). (B) Detailed 
view of PPT bound in the catalytic cleft of KS. The 
unbiased threefold averaged Fats — Fea simulated 
annealing omit map (green) shows ACP and the 
phosphate and pantoic acid (PA) moieties of the 
PPT prosthetic group. Modeling of the additional 
PPT part shows that the catalytic residues of KS 
can easily be reached. KS1. and KS2 form the 
dimer to which ACP is bound. 
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A Side view 


Fig. 3. Mode of ACP binding to the central wheel and the catalytic cleft 
‘entrance of KS (gray). (A) The extended prosthetic PPT group (magenta) 
‘of ACP (cyan) reaches into the catalytic pocket of KS (asterisk). Distal to 
the PPT arm, ACP is flexibly tethered to the central hub (green dot) and 
the peripheral anchor (dashed circle) at the interior of the dome (brown). 
(B) Top and bottom views of ACP bound to the entrance cleft of KS via its 
core part and contacting the central wheel with the additional part. (C) 
ACP binding is mediated by complementarily charged patches, as 
visualized by the electrostatic surface potential of the contact areas 


(blue, positive; red, negative). 


ACP core would flip into the KS cleft (Fig. 34), 
The bin ACP domain to KS might 
even have the threading 
mechanism by stabilizing the Mlipped-out con 


formation of the loop to Which the PTT am is 
attached. It is noteworthy that the expansion 
segments of the fungal FAS structure donot 
merely serve as passive seatfolds for the ar- 
rangement of the catalytic domains within the 
‘complex, but also guide ACP-bound substrates 
to the KS. A comparable mode of action might 
also exist for the other eatalytic domains in the 
FAS complex. 

‘The assignment of the ACP domain also 
allows us 10 precisely define the amino acid 
sequence of the flanking linkers LI and L2, 
Which are flexible and not visible in the electron 
density (Fig, 1B). An analysis of the upstream 
44-amino acid-long, alanine- and proline-rich, 
nker sequenice of fungal FAS type | ACP 
is a sinking resemblance to other carier 
in tethers, such as the biotin carboxy leamrier 
protein (BCCP) of the acetyleoenzyme A car 
boxylase (ACC) and the fipoy! domains of the 
pyruvate dehydrogenase (PDH) complex in 
‘coli (fig. $5) (30). The fact that the linkers in the 
FAS complex and PDIVACC complexes have 
similar composition in spite of completely 
different folds of the ACP and the lipoy! BECP 
domains suggests that they may have evolved 
convergently in fimgal FAS and in the other 
rmultienzymes, 

The structure of the yeast FAS complex 
presented here shows the direct interaction of 
ACP with one of the key catalytic centers in a 
‘multifunctional enzyme and suggests a model for 
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substrate defivery that might apply to the other 
catalytic domains as well. These results also pro- 
‘ide an excellent basis for future biochemical and 
xenetic experiments im yeast, which is a well 
characterized model onganism, 
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Structural Insight into Pre-B 
Cell Receptor Function 


‘Alexander J. Bankovich,? Stefan Raunser,® Z. Sean Juo,?? Thomas Walz,® 


‘Mark M. Davis,” K. Christopher Garcia*?>4* 


The pre-B cell receptor (pre-BCR) serves as a checkpoint in B cell development. In the 


2.7 angstrom structure of a human pre-BCR Fab-lil 


fragment, consisting of an antibody heavy 


cchain (HC) paired with the surrogate light chain, the “unique regions” of VpreB and 75 replace the 
‘complementarity-determining region 3 (CDR3) loop of an antibody light chain and appear to 


“probe” the HC CDR3, potentially influencing the selection of the antibody repertoire. 


chemical 


analysis indicates that the pre-BCR is impaired in its ability to recognize antigen, which, together 
with electron microscopic visualization of a pre-BCR dimer, suggests ligand-independent 
oligomerization as the likely signaling mechanism. 


Is traverse regulatory checkpoints 
B sms ti aie 

antigen-specific B cell receptor (BCR) 
Tunetional yet not autoreactive (/). Upon 
antigen recognition by the BCR, a B cell be 
‘comes activated, expands clonally, and advances 
to the plasma cell stage, where it secretes soluble 
antiboxly. Before antibody genes ean be tran- 
scribed, cach B cell must productively rearrange 
‘one HC and one light chain (LC) gene (2). After 
HIC expression but before the LC is rearranged to 
form the mature BCR, the pre-BCR is expressed 
(3. 4), In.afianetional pre-BCR, two invariant 
proteins, 25 and VpreB, form a heterodimer 
called the surrogate light ehain (SLC) that pairs 
\with a rearranged HC (5-10) 

Notall rearranged H1Cs can pair with the SLC 
to form a pre-BCR (//), but the structural basis of 
selection and pairing is unknown. In mice. only 
half ofthe in-frame rearranged 11Cs pair comeetly 
With SLCs (12). Only those B cells that express 
«an HIC capable of pairing with the SLC undenso 
clonal expansion (/2-15), which enriches for 
NICs that are capable of BCR formation (76). 
"Humans that ack AS have a major block in B cell 
development, decreasing peripheral B cell 
numbers by more than 99% (17). 4S-deficient 
mice have a less severe phenotype. but B cell 
development remains substantially delayed (18). 

‘The overall architecture of the pre-BCR is 
shown in Fig. 1A. The SLC/HC pair presumably 
contains a similar architecture of immuno- 
elobulin (Ig) like domains as a Fab, but the 
nonpolymorphic VpreB and AS are predicted to 
have divengent [-strand topologies in comparison 
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10 canonical Ig-domain sequences (6). The N 
‘emminus of 45 and the C terminus of VpreB have 
unique regions” that share no sequence sim- 
larity to known proteins nor have a counterpart 
in other kz receptors, Yet, functional studies 
implicate these unique regions as being essential 
to pre-BCR function (/9-2/). Both the pre-BCR 
and BCR signal through interaction with a het- 
crodimeric signaling complex. Igailg(, which 
has intracellular seyments containing immuno- 
receptor tyrasine-hasaa activation motifs (ITAMS) 
that interact with downstream adaptor and 
ceffctor mokeules (22). In the mature BC 
antigen engagement leads to receptor clustering 
and activation. However, it remains unclear 
whether pre-BCR signaling during normal B cell 
development is ligand dependent. On the one 
hand, several putative extracellular figandls have 
been identified, such as galketin-1 in humans 
and heparin sulfate in mice (19). On the other 
hand, unique region dependent, homotypic pre- 
BCR aggregation alone is capable of initiating 
downstream signaling events (2/). 

To gain structural insights. into. pre-BCR 
biology, we expressed and crystallized a soluble 
fon of the human pre-BCR analogous 10 the 
Fab of an antibody (dashed box in Fig. 1A) 
This “Fab-like™ pre-BCR was secreted from 
bacubovine-infected insect cells by triple co- 
infection of recombinant viruses encoding an 
‘ovalbumin (OVA)-specific human HC [variable 
region of Iz HC (Vi) and domain 1 of the 
constant portion of the Ig HC (Cul)} 45, ant 
VpreB. We crystallized a monomeric form of the 
‘pre-BCR with the 2S N termina truncated by 36 
residues and detenmined the structure to 2.7 A 
(the complex with intact 25 forms a dimer that 
will be discussed later). The pre-BCR adopts an 
‘overall quatemary structure that is reminiscent of 
a Fab. The SLC heterodimer proteins VpreB and 
replace the Ig LC variable and constant re- 
«gions (V_ and C)ofa Fab, respectively (Fig. 1B). 
‘The VpreB domain forms a canonical V-type lz 
fold that includes (strands a wo £(23). However, 
the VpreB polypeptide g strand is replaced by a 
portion of the N-terminal unique region of 25 
that completes the bottom B sheet of the V-type 
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Ie fold (Fig. 1C), In this arrangement, the 23 
unique region substitutes for the J region of a 
normal Vz, that follows LC CDR3 (CDR3-L) 
and is involved in the V/V. interface. This strand 
swap, which was previously predicted from ho- 
mology modeling (5,24), lus no counterpart in le 
domains characterized 19 dae. In accord with the 
obligate nature of SLC heterodimer formation (7), 
the interface between VpreB and the 25 strand is 
extensive, burying ~1000 A? of surface area and 
forming. 16 hydrogen bonds (Fig. 1D), The 4 
ssrand exits from the base of VpreB and enters the 
45 constant domain, The 45 structure is similar to 
a Fab C. domain (82% identity and 1.4 A root 
‘mean square deviation) 

The region of the pre-BCR that is analogous 
to the antigen-binding site of antibodies contains 
surfice-exposed loops similar to the CDRI-L 
and CDR2-L ofa Vi (fig. SI). However, as their 
sequence divergence from antibodies would pre- 
dict, neither loop adopts any’ of the known ee 
pnonical LC CDR structures (25). Inthe pre-BCR 
structure, the CDR3-L of a Vj, is replaced by two 
‘unconnected, frayed polypeptide chains com 
prising the unique regions of 25 and VpreB 
(Figs, 1C and 2B and fig. S2), The proteolytic 
sensitivity of a portion of the 25 unique region, 
which is Naemninal to the swapped B strand, 
suggests that this segment of the molkeule is 
highly accessible and flexible (Fig, 1B). How- 
‘ever we were able to identify 11 ordered amino 
acids of the C-terminal unique region of VpreB 
inthe electron density maps, This chain protrudes 
from the antigen-binding site, extends over the 
top of HC CDR3 (CDR¥1), and obscures the 
antigen-combining region of the HC (Fig. 2, 
and B). The extended VpreB unique rion struc 
ture is stabilized by a salt bridge between VpreB, 
residue Gu! and 11C residue Arg™ (asterisk in 
Fig. 2B), although, as a result of the surf 
exposure, it may assume alternative conform 
tions when complexed with different HC [the B 
factors for this segment are not higher than those 
of the ret ofthe structure (table $2) 

We compared the mode of interaction be- 
tween HC and SLC in the pre-BCR to that be- 
tween HCand LC of all (seven) antibodies in the 
Protein Data Bank (PDB) database (Fig. 2C, fig 
‘82, and table SI) that contain the same number of 
residues (12) in their CDR3-H as does the HC in 
cour pre-BCR structure. The pre-BCR exhibits 
decrease of ~30% in the number of variable 
domain interface contacts (hydrogen bonds and 
van der Waals interactions) in comparison to this 
panel of Fabs (e.g. 53 versus 80 contacts for 
TQOX) and yet buries more surfice ana than 
mast V/V. pairs (915 A? versus an average of 
825 A*) (table $1). This result és duc to a net loss, 
of interactions between the SLC and HC frame- 
‘work residues, but there is gain in the extent 
of the overall SLC/HC interface due to the SLC 
‘unique regions blanketing the HC CDR3-I 
(Fig. 1B). Consistent with the SLC unique regions 
rabing CDR3-H1 sequences, we found more con 
tacts (11) between the SLC unique region wes- 
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dues and CDR3-H than between CDR3-H and 
CDR3-L in representative Fab structures (an 
average of four) (table SI). 

‘The CDRH loop is extended in the pre- 
BCR, allowing it to simultaneously interact with 
SLC CDR?, the unique regions of VpreB and 43, 
and other HC framework residues (Fig 


D). In contrast, in a Fab, the CDR3-H generally 
makes contact with only a small portion of the Vi, 
CDRI and CDR? loops (fig. $3, A and B), The 
expansive CDR3-H interactions in the pre-BCR 
are enabled, by fewer structural constraints im- 
posed on the extended and apparently flexible 
Uunique regions of VpreB and 25 (Fig. 2, B and 


, and fig. $2B), as compared to the more con- 
rained closed-loop structure of a Fab CDR3-L, 
‘Such structural plasticity could permit unique 


regions to adapt to diverse CDR3-H sequences 
and loop lengths. 

The pre-BCR appears to influence the Vig 
repertoire (ie., CDR#H sequences) of HC in 


c 


Fig. 1. Overall structure of the pre-BCR. (A) Cartoon representation of the 
pre-BCR complex with the Fab-like arm of the pre-BCR that was crystallized 
(dashed box), (B) Ribbon representation of the pre-BCR structure [dashed 
box in (A) Three protein chains are included in the model: VpreB (yellow), 
1.5 (magenta), and HC (blue). Missing portions of the molecule are indicated 
with residue numbers and dashed tines at the N terminus of 25 and the C 
terminus of VpreB, (C) Schematic representation of the V-type Ig fold formed 


A 


Nea 


by VpreB and 45. (b strands are designated by arrows labeled a to g, VpreB 
‘loops that are homologous to Fab CDRs are labeled. The dashed rectangle 
indicates the portion of the structure shown in (D). The red tine with “SS” 
indicates the intracellular domain disulfide bond. (D) 2.7 A electron density 
‘map (ogctwighted 2F, ~ F., where F, and Fare the observed and calculated 
structure factors; contoured to 1.2c) showing the a and {strands of VpreB 
‘and the g strand of 25. 


Fig. 2. The pre-BCR CDR3-H sensing site. (A) 
Surface representation of the pre-BCR structure 
in the same orientation as shown in Fig. 2B. The 
VpreB unique region exits out the top of the 
domain, lying over the HC antigen-combining 
site, (B) Contact residues (29) within the SLC 
interface zoomed into the region demarcated by 
the red dashed box in (A). The main chain is 
depicted as ribbons with contact residue side 
chains as sticks. SLG red; HC blue, Asterisk 
designates the interchain salt bridge between 
VpreB and HC. (C) At elt the CDR3-H (blue sticks) 
from the HC on the surface of the VpreBi;5 seg 
‘ment of the SLC, showing the extent of interactions 
betwen CDR3-H and the VpreB/7.5. The contact 
footprint between COR3-H and SLC is highlighted 
in red. To the right, a similar projection of the 
‘CDR3-H on the surface of the LC of a Fab, The 
contact footprint between CDR3-H and LC is 
highlighted in red. The CDR3-H sequence is added 
below both structures with the region shown in 
sticks highlighted (blue letters), (D) Residues 
sdemarcating the human pre-BCR CDR3-H sensing 
site. CDR3-H with side chains (be), 25 (magenta), 
and VpreB (yellow are shown. Pre-BCR side chains 
that vary between human and mice and contact 
‘COR3-+H are shown in cyan. The dashed line indi- 
‘ates 2 hydrogen bond. Below the structure, a 
table of amino acid differences between mice 
and humans in the region of the CDR3-H sens- 
ing site is appended. 
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the mature B cell population (//). We crystallized 
a human pre-BCR, but the majority of genetic 
data on HC repertoire selection is derived from 
murine studies. Comparison of the HC reper 
toires selected by mouse and human cells reveals, 


that murine CDR3-H sequences contain a sig- 
nificantly higher fequency of tyrosines and ar, 
‘on average, two amino acids shorter than the 
human CDR3-H (26). The mouse and human 
VpreB proteins are 73% identical, and the 25 
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Fig. 3. Antigen-binding properties of pre-BCR versus germline Fab. (A) SPR sensorgrams for OVA: 
specific HCs in complex with SLC to form potentially “antigen-specific” pre-BCRs, which we term 
Fab-SLCs. Four different OVA-specific HCs are paired with SLC. The analyte concentrations shown 
‘are 400 (purple), 200 (blue), 100 (green), 50 (magenta), and 0 uM (red). Average resonance unit 
(RU) fits horizontal black lines) used for steady-state affinity calculations are shown for the top two 
panels. CDR3-H differences are denoted by the color of the star in the schematic and the label 
above the sensorgram. (B) SPR sensorgrams for the same four OVA-specific HCs as in (A) but now 
in complex with the invariant i. LC to form a germline Fab that binds to OVA. In the top panel, 1:1 
Langmuir binding affinity curve fits are shown, whereas steady-state kinetic fits (horizontal black 
lines) are shown for all other panels. The analyte concentrations shown are 100 (purple), 50 (light 
blue), 25 (green), 12.5 (magenta), 6.25 (blue), and 0 jM (red). (C) Summary of SPR results. Of the 
four Fab-SLCs tested, two did not bind, and two others exhibited binding whose affinity was >40 
times less than that for the homologous Fab. K,, dissociation constant; NB, no detectable binding. 
Asterisk indicates HC sequence notation {from (27)]. 
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Batrand insertion is 75% identical. Also, mice 
have two VpreB proteins (VpreB1 and Vpre82) 
that are 97% identical, differing at positions 9.75, 
and 103 for VpreBI (Leu, Thr, Gin!) and 
‘VpreB2 (Ser. Asn”, His!) from human VpreB 
(Leu®, Thr’®, Ser™), In our pre-BCR structure, 
pesitions 9 and 75 are distal to the interface with 
Cand are therefore unlikely to mediate pre-BCR 
assembly. The remaining residue, Ser", is lo- 
cated directly above the CDR341 residue (Tyr!) 
(Fig. 2D) and is therefore close enough 16 pl 
a structural role in engaging and influenci 
CDR3-HI sequence composition 

Two pre-BCR residues make exten 
tact with CDR341 in our structure: Ser” 
‘VpreB and His in 2S (Fig, 2D), VpreB Ser” 
interacts with the fit two residues of CDR3-H1 
(Tyr and Tye"), whereas 45 His” 
sitioned at the C terminus of CDR3-I1, and s 
together they bracket the CDR3-H. Along. with 
the Ser" position, these residues may demarcate 
the boundary of a SCDR3+I1 sensing site” for 
HC repenoire selection (Fig. 2, C and D), Thus, 
in tandem with the many complex biological 
‘mechanisms that regulate B cell development, we 
saiggest that the SLC unique region residues in 
Proximity to CDR3-11 may play a role in influenc- 
ing the observed sequence differences between 
the CDR31 repertoires in-mice and humans, 
The CDR34I1 of germline HC is the focal point 
for soquence diversity, withthe rest ofthe HC and 


residues between the SLC an Thus, the 
site of HC discrimination is likely localized to the 
CORA. 

‘To address whether the pre-BCR is capable of 
recognizing antigen, we engineered a pre-BCR 
by pairing the SLC with an HC of dotined anti- 
gen specificity, We used OVA-specific germline 
HICS from genetically limited mice (gH and 
Jen”) containing one transgenic human HC 
focus and the mouse 2 LC locus (27). The 
antibodies produced by these mice in response 
to primary immunization achieve antigen sp 
ificity exclusively through different CDR3-H 
sequences, showing that antigen recognition 
can be accomplished by diversity in only one 
of the six CDR loops. For pre-BCR binding 


experiments, we chose a panel of four OVA- 
in paired them 


specific HCs fiom these mice 


and pre-BCR, respectively (Fig. 3, A and B), 
‘These nonsomatically mutated Fabs recognize 
OVA with an affinity ranging from 9 10 40 4M 
bby means of surface plasman resonance (SPR), 
whereas a hen egg-white lysozyme (HEL) 

specific Fab exhibited no detectable binding 
(Fig. 3, B and C), For pre-BCR complexes of 
the same HCs and SLC, the highest affinity 
observed was 400 4M, essentially at the limit 
3. Nand C), To test 
the effect of LC diversity, we paired the OVAS 
HC with an LC containing a point mutation in 
(CDR3-L and found that the Fab retained binding, 
confirming the primacy of the CDR3-H in 


13 APRIL 2007 


293 


| REP 


294 


ORTS 


Fig. 4. The minimal signaling A 
unit of the pre-BCR is a ligand- 
independent dimer. (A) Pre-BCR 
with intact SLC unique regions is 
a dimer, Results of size exclusion 
‘chromatography (Superdes-200, 
Amersham) [with retention vol- 
lume (ml) on the x axis and size 
standards included] is shown, (B) 
SS-polyacrylamide gel electro- 
Phoresis analysis of the gel fitra- 
tion demonstrated that the dimeric B 
peak is enriched for ful-iength 25, 
whereas the monomeric peak is 
deficient in full-length 25. Trun- 
‘ated 25 comigrates with VpreB on 
this gel. (C) EM negative stain 
‘analysis of dimeric pre-BCR based 
‘on ~5400 particles. The top panels 
show class averages (Gee Methods 
and figs. S7 and $8), and the 
bottom panels show schematic 
interpretations based on the crys- 
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tal structure. Scale bar, 10 nm. (D) Model of the full-length cell-surface pre-BCR as a signaling active dimer that is consistent with EMand functional studies. The pre= 
BCR Fabrlike dimers resolved by EM are boxed, and the elbow and dimer interface angles are modeled to represent the range of angles observed in EM classes. 


proteit Physiologically meaningful 
Way, but we cannot rule out this possibility for 
windant antigens or for small mole 


‘cules, The decrease in antigen binding of the pre- 
BCR isconsistent with the structure of the VpreBs 
‘C-terminal unique region, which extends over 
the antigen-combining site and could partially 
block antigen binding (tig. SS) 

antigen engagement does not appear 
fole in pre-BCR signaling, we revisited 
the concept of pre-BCR oligomerization with our 
recombinant pre-BCR. Fab-like fragment. Size 
exclusion chromatography of the soluble pre- 
BCR yiekled two peaks (Fig. 4A) with HC, 25, 
sand VpreB in a 1:1:1 stoichiometric ratio, which 
‘lute atthe positions fora dimer and monomer, 
respectively. In the monomer peak, the 2S unigue 
region was proteolytically truncated (Fig, 4A), 
Subsequent recombinant truncation of AS and 
‘VpreB unique regions resulted solely in mono- 
mer formation (ig. $6, A and B). Thus. pertur- 
bation of the unique regions disrupts dimerization, 
These data likely explain why a previously re- 
ported recombinant form of a pre-BCR Fablike 
figment, in which the VpreB and 25 were syn= 
thetically fused to create a “single-chain” SLC, was 
a monomer by gel filtration. The ability of the 
Purified recombinant pre-BCR to dimeriae indi- 
‘cates that accessory protein(s) are not required for 
dimerization, and, by extension, pr-BCR signal- 


ing through multimerization can occur in a Higand- 
independent fashion. 

Although we were unable to crystallize 
the dimeric form of the pre-BCR, we under- 
took electron microscopic (EM) studies of the 

BCR dimer in negative stain to visualize the 
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both raw grids and several class averages reveals 
the pr-BCR dimers (Fig. 4€ and figs, S7 and 
, consisting of two pre-BCR monomers 
(Fab-like modules) connected by flexible hi 
‘between the tips of the variable domains. The 
pre-BCR “Fab arms” in each dimer appear con- 
strained to lying on their side, 0 that we observe 
a side-on perspective of the intentimer angle 
(Fig 4C). The angle between the two pre-BCR 
molecules ranged from S* 1 60°, suggesting a 
high level of flexibility at the interface between 
the two domains. For each pre-BCR dimer class 
average. we generated a schematic mode! using 
the pre-BCR monomer erystal structure (bottom 
panels in Fig. 4C), We then used the 25 
truncation data, EM results, and the crystal 
structure to model the pre-BCR. signaling 
‘complex on the cell surface (Fig. 4D). In this 
model, cach Fab-like arm of the intact pre-BCR 
‘on the cell surface dimerizes with that of a dif- 
ferent pre-BCR. resulting in an extended chain of 
selF.associated pre-BCRs on the cell surface that 
wukl signal through the close proximity of their 
intracellular domains (Fig. 4D). 
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Promotion of Lymphocyte Egress into 
Blood and Lymph by Distinct Sources 
of Sphingosine-1-Phosphate 
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‘causes efficient excision of floxed alleles in hem- 
stopoictic cells, vascular endothelium, and liver, 
among other organs (fig. SIF) (78, 19). We 
further established that Mx1-Cre is in 
ymphatic endothelium (fig. SI. G and 1), 
plpC- treated Spl” Sphk~ Mx1-Cre mi 
hereafter designated “Sphk-deficient” mice, sur- 
Vived to adulthood and were indistinguishable 
fiom littermates in appeara 

By liquid chromatography followed by 
tandem mass spectrometry (LC/MS/MS), SIP 
‘was undetectable in plasma and lymph of Sphk- 


Lymphocytes require sphingosine-1-phosphate (S1P) receptor-1 to exit lymphoid organs, but the deficient mice, whereas the concentrations of 
source(s) of extracellular $1P and whether S1P directly promotes egress are unknown. By using 
mice in which the two kinases that generate S1P were conditionally ablated, we find that plasma 
54? is mainly hematopoietic in origin, with erythrocytes a major contributor, whereas lymph S1P 
is from a distinct radiation-resistant source. Lymphocyte egress from thymus and secondary 
lymphoid organs was markedly reduced in kinase-deficient mice, Restoration of S1P to plasma 
rescued egress to blood but not lymph, and the rescue required lymphocyte expression of 
S1P-receptor-1. Thus, separate sources provide S1P to plasma and lymph to help lymphocytes 
exit the low-51P environment of lymphoid organs. Disruption of compartmentalized S1P signaling 
is.a plausible mechanism by which S1P-receptor-1 agonists function as immunosuppressives. 


-phosphate (SIP) functions 
extracellular signaling molecule by 
ing five G protein-coupled rweep- 
tors, designated SIP; to SIPs, that play a key 
role in vascular development and lymph 
trafficking among other processes (1). 
though SIP is believed to be generated intra- 
ccllularly by all cell types during sphingolipid 
degradation (2), the sources of extracellular 
SIP in vivo have not been well defined. Lym 
phocytes exit from lymph nodes into lymph 
and from the spleen into bloox! and are thought 
to esit from the thymus into blood. Studies 
With S1Pj-deficient mice revealed a necessary 
role for this receptor in Lymphocyte egress 
from all three organ types (3-6). However, 
‘experiments with SLP-neutralizing antibodies 
and S1Py antagonists have not revealed inhib- 
itory effets on lymphocyte egress (7-10), By 
ast, synthetic SIP) agonists block Iym- 
phoeyte egress and are in clinical development 
because of their immunosuppressive pr 

ties (/)). Ithas been unclear how genetic S1P, 
deficiency can have the same outcome as in- 
a different outcome 
from SIP; antagonism. Does SIP act directly 
‘on the lymphocyte to promote egress (4-6, 12), 
‘or does it act indirectly, as pharmacological 
manipulations of SIP, function might stugzest 
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‘To investigate the source of extracellular SIP 
and clarify its role in egress, we generated 


deficient in the two enzymes responsible for SIP 
production, sphingosine kinase-1 (Sphk1) and 
sphingosine kinase-2 (Sphk2) (2, 13}, Because 


deletion of either kinase alone dig not have a pro- 
found effect on circulstory SIP and combined 
deletion ked to embryonic Kethality at mid-gestation 
(4-17), we used a conditional gene deletion ap 
proach (fig. SI. A to E) Sphkl™ Spik2~ pups 
carrying the Mx1-Cre transgene were treated 3 
10 days alter bith with polyinosine polyeytidylic 
acid (pl-pC) to activate the Mx promoter and 
Cre expression, Such induction of Mxl-Cre 


10E1) plasma 


um) 
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‘SIP in plasma and lymph of controls were in the 
micromolar and the 100-nanomolar range, = 
spectively (Fig. 1A), Similar differences were 
obvained in a bioassay of SIP activity (tig, SUD. 
Furthermore, flow cytometric analysis of the 
Jymphocytes that could be identified in blood and 
Iymph of the Sphk-leficiemt mice revealed high 
surface SIP, levels compared with controls, where 
recepior expression was undetectable (Fig. 1B). 
SIP; is highly sensitive to figand-induced inter 
nalization, and thymocytes down-modulate SIP) 
almest completely when exposed to 1 nM SIP 
(12), The high surface SIP) on circulating Iym- 
phocytes in the Sphk-deficient mice is co 
With a lack of circulatory SIP. SIP; levels on cells 
fiom the thymus, spleen, and lymph nodes of 
‘Splik-deficient mice overlapped with SUP, levels 
‘on blood and Iymph lymphocytes from these mice 
(Fig. 1C and fig. $1), snggesting that extracellular 
SIP is equally low in all sites. 

The number of Teells in blood and lymph of 
‘Sphk-deficiemt mice was markedly reduced, 
Whereas spleen and lymph node T cell numbers 
were similar compared to controls (Fig. 2, A 10 
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Fig. 1. Sphi-deficient mice have no detectable S1P in plasma or lymph. (A) LUMSIMS quan: 
tification of plasma and lymph S1P. The limit of detection in this assay was about 50 nM (5 x 10° 
‘on ordinate). indicates Sphk2~~ mice in which one Sphkz allele was null and one SphZ allele 
was excised; F indicates Sphk2~ littermate controls in which at least one functional Sphkt allele 
\was present. Both .\ and F mice were treated with p-pC 3 to 5 days after birth. (B) S1P, levels on 
CD4°CD62t™ cells from blood or lymph of the indicated mice, measured by flow cytometry. Shaded 
histograms show staining of blood CD4*CD62L" cells with a control antibody. Each plot is 
representative of at least three experiments. (C) S1P, levels on CD4*CD62L" cells from the 
indicated organs. Each plot is representative of at least three experiments. 
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D), Furthermore, there was an accumulation © 
mature T cells in the thymus without apparent 
in other thymic subsets ( 
1s indicate that Sphk is required for T 
ess from peripheral lymphoid organs and 
from the thymus. The presence of close-10- 
onal T cell numbers in peripheral lymphoid 
organs despite the defect in thymic 
be due to the persistence of some 
expressing cells up to a week or more afte 
B cell counts in blood and lymph of Sphk- 


cell numbers in the lymphoid 
deficient mice appeared normal (Fig. 
and fig. S2A). B cell egress from the bone 
marrow, which occurs in the absence of SIP, (4), 
presumably provided a source of penpheral B 
cells that entered ut failed 1 exit lymphoid 
organs in Sphk-deficient mice. It has been 
vested that SIP;, and thus possibly SIP, 
ht be needed for normal lymphocyte devel 


‘opment rather than for egress (1) However, 
short-term adoptive transfer experiments indicate 


whether the source of SIP that 
in 
marrow reconstitution 


To determin 
promotes lymphocyte egress is hematopoict 
origin, we performed 
studies. In lethally imadisted wild-type mice 
transplanted with Sphk-dleficiemt marrow, plasma 
SIP levels were reduced by 10-fold compared 
with controls, although lymph SIP was normal 
(Fig. 3A and fig. S3A). The 


range sufficient to down-modulate lymphocyte 
SIP, in vitro (/2), and SIP, on blood lympho- 


jcamly lower than that the defective 


deficient mice we rt 
those in controls (Fig. 2, 
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Fig. 2. Lymphocytes fail to egress from thymus and secondary lymphoid organs 
in Sphi-deficient mice. (A to ) Cell numbers in the indicated organs or fluids from 
control or Sphk-deficent mice. Lymph node numbers are forthe mesentesic lymph 
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Fig. 3. A hematopoietic source supplies most plasma SIP, whereas 


radiation-resistant source supplies lymph S1P. (A to ©) Lethally irradiated 
wild-type (WT mice were reconstituted with Sphk-deficent oF littermate 
control bone marrow. (D to F) Lethally irradiated Sphk-deficient or control 
mice were reconstituted with wild-type bone marrow. (A) and (D)] LOMS/MS 
quantification of plasma and lymph S1P in the indicated mice. [(B) and (E)] 
S1P; levels on CD4*CD62t™ cells from the indicated organs and fluids, 
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ess reflects a proximal 
requirement for SIP (fig. S2B), 
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cytes remained low (Fig, 3B), Lymphocyte 
‘counts in both blood and Iymph were inthe nor 
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‘CDB single-positive (SP) thymocytes were CD69". Asterisks indicate P < 0,05. 
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measured by flow cytometry. Each plot is representative of at least three 
‘experiments. Experiments shown in bottom graphs in (B) were done on the 
same day and used the same background contro. (©) and (F] Cet numbers in 
the indicated organs and fluids. Lymph node numbers are for the mesenteric 
lymph nodes. All enumerated cells were CD62U"; additionally mature CD4 
ssingle-positive thymocytes were CD69". For lymph, relative concentration (rel. 
conc.) was determined as described in (13). Asterisks indicate P < 0.05, 
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mal range, and mature T cells did not accurnulate 
in the thymus (Fig. 3C and fig. S3, B and C). 
‘These dats suggest that SIP in plasma is supplied 
mainly by hematopoietic cells and that SIP in 
Iymph is supplied by an independent source. 
They also suggest that radiation-resistant cells 
generate sullicient SIP to support lymphocyte 
‘egress into blood and lymph. 

In lethally irradiated Sphk-de! 
reconstituted with wikltype bone marrow, the 
SIP level in plasma was restored to the normal 


Positive thymocytes accumulated only ~S0% 
above control (Fig. 3F) compared with a greater 
than fourfold accumulation in Sphk-deficient 
2E). Although some studies have 
‘suggested thymic egress can occur via lymphatics 
(20-22), this finding supports the view that exit 
«can occur ito the blood, Tand B cell numbers 
were dramatically reduced in the lymph (1 
83, E and F), suggesting a persistent 

in lymphocyte egress from lymph nodes. 
Furthermore, there was a substantial decrease in 


REPORTS. [ 


lymphocytes were exiting into the blood, trav- 
ing to lymph nodes, and then filing w exit, 
resulting in a general block in recirculation, 
Because the number of CD” T eels inthe entire 
Iymph node compartment is substantially langer 
than the number in the spleen, their fractional 
ddccrease in spleen was easier to detect than their 
fiactional increase in lymph nodes. Mhese data are 
again consistent with a model in which plasma 
SIP is supplied predominantly by hematopoietic 
cells and Iymph SIP is derived fiom a sepa 
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range, but SIP in lymph remained undetectable the number of T and B cells in the spleen and sourees). Morcover, hough the hematopoietic 
(Fig. 3, D and E, and fig. S3D), Egress ftom the wn inercase inthe lymph nodes (Fig. 3F source is sliciet to support Iymphoeyte egress 
Uyrmus was largely restored: Mature CDS singhe- 'S3, Eand F). This suggested that splenic fiom thymus and spleen, only the separate Mx T= 
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Fig. 4. Plasma 51P promotes lymphocyte egress into the blood in an S1P,~ 
dependent manner. (A) LC/MS/MS quantification of plasma S1P from the 
indicated mice. () Sphk-deficient or control mice received 0.35 mi of packed 
RBCs (about 2 x 10° cells) or vehicle 36 hours before analysis. Plasma SIP, 
as well as S1P in the RBC preparation, was quantified by LOMSIMS. (C) S1P 
lyase activity. Trtiated dihydroS1P (dhS1P) was incubated with lysates of 
RBG, splenocytes (splen.), or homogenization buffer alone (substr.). The 
heradecanal (Hed product was separated by thin-layer chromatography and 
visualized by autoradiography. Some dephosphorylation of dhS1P to 
diydrosphingosine (Sph) also occurred. Results are representative of three 
experiments. (D and E) Sphk-deficient mice were infused intrajugularly with 
S1P or vehicle for 4 hours. (D) S1P, levels on blood CD4°CD62L™ cells, 
measured by flow cytometry. Pot is representative of two experiments. (E) 
Blood counts of the indicated cell types were measured before and after 
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infusion, and the fold change is plotted. All enumerated lymphocytes were 
‘CD62U™. (F) Experimental design for (G) to (D. (G and H) Cell numbers in the 
indicated organs of RBCransfused or contro mice. Enumerated cells were 
CD4*CD62L™; in addition, mature CD4SP thymocytes were CD69". In (H), 
the left plot shows the number of mature CD4SP thymocytes, and the right 
plot shows the ratio of the number of mature CD4SP thymocytes in the 
thymus of a Sphi-deficient mouse to the number in its identically treated 
‘Sphicsuffcient littermate control; each point represents an individual pair. 
(Mature CD4SP 52P,* and SIP," thymocytes were cotranserred into 
‘Sphk deficient mice that also received RBC or vehide. Transferred CD4"CD62t" 

‘ells were enumerated in spleen and lymph nodes after 36 hours. Four 
‘experiments are showin; lines connect pairs of mice in the same experiment. 
Circles and squares in (G) to (I) represent individual mice as indicated in (F). 
Asterisks indicate P < 0.05. 
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Cre sensitive, ruiation-resistant source can sup- 
port lymphocyte egress from lymph nodes. 
Previous studies have suggested that plate- 
lets might be an important source of plasina 
SIP (23-25), However, NF-E2-deficient mice 
had normal plasma S1P concentrations (Fig. 44) 
despite having virwally no citculating platclets 
(26), Analysis of RAGI-deticient mice that ack 
T and B cells alo did not reveal any reduction in 
plasma SIP (Fig, 4). These observations and 
‘our finding that plasma and lymph SIP are sep- 
rately maintained led us to investigate whether 
red blood cells (RBCs) are a source of plasms 
SIP. Wiltype RBCs (ig. S4, A to F) were 
transferred to Sphk-deficient mice in amounts 
sulicient to represent at least 20% of cireulat- 
ing RBCs in the recipients, Within 36 hours of 
wikhtype RBC transfer, plasma SIP in Sphk- 
deficient mice was restored (Fig. 4B and fig. 
SAG). RBCs have abundant sphingosine kinase 
activity (lig. SAH), as expected (27). Moreover, 
although all cell types except platelets have been 
thought to express the SIP-degrading enzyme 
IP lyase (2, 24), we observed! that RBCs con 
tain minimal lyase activity (Fig. 4C). This low 
lyase activity, together with their abundance, 
suggests a role for RBCs as the main source of 
plasina SIP and accords with the inability of 
lyase inhibitors to ater bloox! SUP levels (/2), 
‘The ability of hematopoietic cell-derived 
SIP to support lymphocyte egress from the thy- 
rms and spleen and the evidence that RBCs are 
the major hematopoietic SIP source sugested 
that thymocytes and spleen cells egress in direct 
response to plasma SIP. Thus, we asked whether 
‘providing SIP in the circulation might be suf 
ficient 10 restore egress of cells from Lymphoid 
tissues into blood. SIP infusion into Sphk- 
deficient mice down-modulated SIP) surace ex- 
pression on blood! T cells and indeed! ed to an 
inerease in the number of Band T cells in the 
‘blood within 4 hours (Fig. 4, D and E) To 
perform longer-term experiments, we used RBC 
transfusion, Thice RBC transfusions over 9 days 
Jed to an inerease in plasma but not lymph SIP 
(lig. S41), RBC transfusion by this protocol or 
transfusion once with analysis at 36- hours 
produced a decrease in T and B cell numbers in 
the spleen and an accumulation in the Lymph 
nodes of Sphk-dleticient mice (Fig. 4, F and G). 
There was also a reduction in the number of 
mature T cells in the thymus that was most 
‘obvious when the data were analyzed asthe ratio 
‘of counts from identically treated literate pairs 
(Fig. 441). To test whether the RBC transfusions 
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act by providing SIP to stimulate SIP; on the 
Iymphocyte or by some indirect mechanism, we 
ccotransferred fluorescently labeled $/P;~ and “ 

(> 0c °/-) lymphocytes into. Sphk-detficient 
mice, either I day after the thind RBC transfusion 
in the 9-day protocol or 12 hours before the 
single RBC transftsion in the 36-hour protocol 
(Fig 4F). RBC transfusion reduced the number 
of SIP” cells in the spleen and increased their 
number in lymph nodes, but the numbers of 
SIP cells in the spleen and lymph nodes 
were unaffected (Fig. 41). These findings sug- 
‘gest that RBC-derived plasma SIP is able to 
[Promote lymphocyte egress from the spleen in a 
manner that depends on Iymphocyte-intrins 
expression of SIP). 

The above findings identify a previously 
unknown, endocrine-like function for RBCs as 
4 major prelucer of plasma SIP. We also make 
‘the unexpected finding that plasma and lymph 
SIP are maintained as separate compartments. 
Albumin and high-density lipoproteins, major 
'SIP caeriets, are thought to be supplied to lymph 
from transudated plasma and are present in lymph 
at concentrations within a fewtold of those in 
plasm (28), Our data sugges that S1P is removed 
from transudated plasma and “resupplicd” to 
Iymph by a distinct source, perhaps: Lymphatic 
endothelial cells, which we have shown are a 
radiation-resistant Mxl-Cre target (fig, SI, and 
HD). This may be pan ofa general mechanism that 
keeps SIP abundance in tissues low, ensuring 
SiP-receplor-expressing cells are sensitive 10 
Focal increases in SIP. as may occur ata site of 
tissue injury oF inflammation (2, 24), 

Taken together, our data are consistent with a 
mode! in which egress ffom thymus, spleen, and 
ymph nodes is promoted by SIP produced by 
radiation resistant cells at egress sites, as well as, 
in the case of thymus and spleen, by plasma SIP. 
SIP atexitsites enables egress by acting on SIP) 
expressed by lymphocytes. Inaccord with studies 
Of S1Py-eficient mice (4-6), this mod predicts 
that antagonism of SIP, should inhibit egress; 
the inability of the antagonists report this Ea 0 
do s0 (7-10) is likely duc 10 incomplete receptor 
blockade or ligand neutralization, because our 
studies of wild-type mice reconstituted with 
‘Sphk-deficient marrow revealed that even when 
plasma SIP levels were reduced by 95%, Iym- 
phocyte egress occured normally. This: mode! 
also predicts that activation and down-regulation 
of lymphocyte SIP) within lymphoid tissue, 
either by elevating tissue SIP by inhibition of 
lyase activity (/2) o¢ by direct activation of SIP, 


with the lyase-insensitive agonist FTY720 (//), 
would disrupt compartmentalization of SIP 
Signaling, which is nonnally low in Iymphoid 
‘organ interstitium and high at ext sites and inhibit 
caress, Thus, this model accommodates the para- 
dox that SIP, deficiency and SIP, agonism can 
both yield defective lymphocyte egress. 
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Microdissection Instrument 

The Arcturus laser capture microdissection 
instrument is built on the Nikon TE2000U 
inwverted research grade microscope and com: 
bines infrared (IR) laser capture microdissection 
(UCM) and ultraviolet (UV) laser cutting in asin 
gle modular instrument, offering researchers 
superior speed, precision, and flexibility. 
Because it makes use of the Nikon TE2000U, the 
Arcturus is completely modular and upgrade 
able, allowing the system to expand as research 
requirements grow and microdissection tech: 
nologies emerge, The instrument features exclu: 
sive LCM technology and automated image 
archiving that takes the guesswork out of 
‘microdissection. Optional high-intensity halo: 
{gen illumination enables phase contrast and dif 
{erential interference contrast, making the sys- 
tem suitable for live-cell applications, Additional 
‘options enable system modification for alternate 
applications and potential add-ons such as opti 
cal trap laser tweezers for high-precision micro: 
‘manipulation of microscopic particles of an 
additional camera for high-resolution imaging. 
‘Molecular Devices For information 
408-747-3533 ww.moleculardevices.com 


Refrigerated Solvent Condenser 
The Speed Trap refrigerated solvent condenser 
for vacuum concentrators is designed to 
improve the performance of any vacuum con: 
centration system through the use of fluoropoly- 
‘mer components that provide enhanced solvent 
resistance and a high safety plastic-coated sol 
vent collection vessel. The Speed Trap features a 
novel, efficient cooled condenser coil. The cold 
condenser coils are suspended directly in the 
vapor path. Solvent vapors condense directly 
‘onto the coils and run off into the collection ves- 
sel below without freezing, even when water is 
used, Users can readily see the solvents in the 
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Vertical Gel Casting System 


trap, and emptying requires no defrosting. The 
plastic-coated collection vessel is removed with 
a simple quarter turn, allowing users to empty 
the cold trap quickly and safely. 

Genevac For inlormation 845-267-2211 
womngenevac.com 


Biomarker and 

Drug Imaging Software 

New fleslmaging 2.0 software is for acquisition 
and evaluation of matrivassisted laser desorption 
‘ionization time of flight (MALDI-TOF) and TOF/TOF 
imaging data. MALDI imaging of tissue samples, 
with fleximaging 2.0 allows color-coded visualiza- 
tion ofthe distribution of biomarkers or absorbed 
drugs and their metabolites. Integrating multivar 
ate statistical classifications such as variance rank 
ing, flexImaging 2.0 now provides “Class Imaging” 
asan extension tothe established “Mass imaging.” 
Class imaging allows the classification of tissue 
types and determination of the class membership 
of comparable tissues from other individuals or 
animals used in drug development. With this soft 
ware, the statistical biomarker and drug and 
metabolite data obtained with the Flex series of 
MALDI-TOF and TOF/TOF mass spectrometers can 
now be merged easily with molecular images for 
{in-depth investigation of the spatial distribution of 
relevant marker candidates in tissues. 

Bruker Daltonics For information 978-667-9580 
venéal.com 


Microfluidic Workstation 

The BioRaptr FRO microfluidic workstation is 
suitable for assay miniaturization applications in 
drug discovery, genomics, and proteomics. The 
BioRaptr non-contact, high-precision dispenser 
delivers increased capacity and speed along with 
reduced reagent and consumable costs. The 
instrument is designed so the plate moves while 
the pipetting head is stationary, creating 2 
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The omniPAGE is an easy-to-use, leak proof mini vertical gel casting system for 
protein polyacrylamide gel electrophoresis (PAGE) separations and electroblot 
ting applications. The unit is compatible with all major brands of precast gels 
and offers important features and benefits to users. Anovel, quick-release clamp 
system provides a rapid, simple method for casting mini vertical gels. The 
patented sliding-clamp mechanism means that the sealing and casting of gels is 
achieved by stiding two clamps on either side of the glass plates, a process that 
takes seconds. To cast the gel, the glass plates are simply inserted into the unit 
and clamps slid across to sea. The insert is then transferred to the casting base 
and secured down. The gel solution is loaded and once it has set, the module is 
placed into the tank for running. This makes gel casting a simple four-step pro- 
cedure that is considerably faster than in systems that make use of complicated, 
‘unreliable screw mechanisms or require the transfer of glass plates. 

Cleaver Scientific For information +84 (0) 1788 565 300 wwa.cleaverscientfi.com 


shorter fluid path, for high precision with low 
dead volume, Flexible programming is easily 
done through an Excel spreadsheet and allows a 
Variety of reagents to be dispensed into any well 
at a range of volumes. The workstation can be 
combined with Beckman Coulter's Biomek and 
Paradigm systems for high-throughput applica 
tions such as compound screening, 

Beckman Coulter For information 724-993-8955 
wnnebeckmancoultercom 


Dual-Mode Plate Readers 

The Lucy 2 and Lucy 3 are multi-mode microplate 
readers with an emphasis on luminescence and 
absorbance capabilities. Lucy 2 operation is con: 
trolled by a personal computer. Lucy 3 features an 
onboard computer, display, and keyboard for 
stand-alone function with comprehensive evalua’ 
tion software. The photon counting detection sys 
tem features high sensitivity and dynamic range, 
Two fast reagent injectors facilitate both flash and 
alow-type luminescence assays. In addition, 
absorbance reading in the visible range can be 
performed. A high-capacity filter wheel of up to 
15 filters provides flexibility when switching from 
luminescence to absorbance mode for enzyme: 
{inked immunosorbent assay or simitar applica: 
tions. The instrument features a fast flash kinetic 
mode (with kinetic in the microsecond range), a 
luminometric range from 300 nm to 650m, and 
a photometric range from 405 nm to 650 nm, 
‘Anthos For information +44 (0) 1223 427812 
wemanthorlabtec.com_ 


Neniy offered instrumentation, apparatus and laboratory 
‘materalol interest to researchers all dcilines in academe, 
Industrial, and government organizations ae featured inthis 
space. Emphasis is given to purpose, ce characteristics, and 
_palabity of products and materia. Endorsement by Science 
[AMS of any products or material mentioned snot implied. 
‘Astinalintxmation maybe obtained fram the manufacturer 
supplies 
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POSITIONS OP 


ASSISTANT PROFESSOR 
Infectious Disease Faculty Position 
University of Connecticut 

“The Univenity of Connocticut invites applications 
for 3 tenure-track postion in the Deyartncnt of 
Pathobiology and Veterinary Science. Thi potion 
requires an advanced degree (D.V-M/PRD., Ph.D, 
for cqunalent) and pentdoctoral eypencnce. individ 
tals with expertise in microbial pathogenesis, m= 
‘munology, or pathology of infecious sixcascs are 
encouraged to apply. The sucessfil candidate i ex- 
ected o estalah/maintain an extramural funded 
‘search program thae wil complement the exiting 
Programs within the Department and to. contribute 
{the depurtmental undergraduate and graduate 
teaching and service misions. The Department of 
Pathobiology and Veterinary Science encompasics 3 
diverse group of disaphnes including, pathology, 
virology, immunology, and bacteriology 

Review of appicatiens will gn wmmadiatdy and 
continue unt socesfl candate 8 Kents. Ap 
Phcants should clectronsally suave cumculum ste 
Sind statement of scar interest ana teaching pb 
ionopty, a8 well av arrange foe thee later of Fcc 
cammendaton to be soit to: Mir Maria Charter, 
Faculty Search Committee Coordinator, Univer: 
sity of Connecticut, Department of Pathobiology 
fand Veterinary Science, 61 North Eagleville Road, 
Unit 3089, ‘Storrs, CT 06268-3089; ema 
tmuriachartcr@aconn.cdi. Information about the 
Department and faculty may be foursd at the College 

te: huxp://www.patho-veonn.edu. (Search # 
3007089.) 
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ASSISTANT or ASSOCIATE PROFESSOR 
Pharmacology 

Tenure-track, fll-time position thats 100 percent 
fully funded by the Institution. Applicants must have 
a PhD. in cology oF 4 related biomedical 
Aiscipline, ofa D.O. or 38 MLD. degree, and at least 
two years of postgraduate, productive academic 
ccsperience. Candidates should send complete curnc 
tuktm vitae, incloding reference names, tor Human 
Resources, Kirksville College of Ostcopathi 
Medicine, A.T. Still University of Health So: 
‘ences, 800 West Jefferson Strect, Kirksville, MO 
63501. The target date for filing, the position is 
August 1, 2007. 

The A. Sl Unie of Hesth Saemes (A'TSU) i an 
Afiomatoe Aton gual Oppotenity, Employer. ATSU 
‘her mot siciminste om the hase ofr, clo, ign, 
tonal vii, gender, at, duality, r sane as Vitae 
veteran hing and employment pass 


ray MAYO CLINIC 


‘The Mayo Clinic Seton of Scientific Publications 
sock fine MANUSCRIPT EDITOR. Th So 
Son fas offs at Reshewcr, Minna, Icke, 
Fiids, and Scomual Ata, ant one cf he 
lange academic departments of biomedical editing 
in the United States. This postion supplements the 
‘urrent seven biomedical editors and 30 coral 3 
saan Spratt, Canis doa hve 
Srifcan egncnos in cking pocreiewed mans 
‘Sipe, bool chprersand NIT grants. A rlevane 
THeD. degree or usta scalemic elit expe 
Renee required. Candidates will be eapeted to 
fii examples otc wor ao that te eed man 
bcp an be compared with the unedited copy 
Socceaful applicant wil bok! Facuky: ponion ac 
Mayo Clinic College of Madkine (evel commensi 
tae with experience). Excellent aly and bench 
Sint camculm vita to: 
Rosemary Perry 
‘Adminarative Avistant 
Scientific Publications 
hammer Building, $10 
200 First Street $.W. 
Rochester, MN 53908 
E-mu perry ronemary@mayo.cds 
Mayo Findon st Aft Aso nd tg Op 
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‘The Department of Surgery at the University 
Pennsylvania's School of Medicine sccks cansliates 
for an ASSISTANT PROFESSOR position in the 
ontenure research tick. The svocessful applicant 
will have experience in the fed of islet transplanta 
tion and diabetes research. Responsibilities include 
assisting in the development of a nationally funded 
program to study the role of novel approaches for 
the treatment of diabetes, a8 well as canteibuting. 10 
‘ongoing rescarch projects in the fields of human islet 
hnolation and transplantation and islet phys 
and biochemistry. This is a rescarch-only” posi 
‘with mo teaching oF clinical responsibilities, Appl 
‘ants must have an M.D. and/or Ph.D degree 

‘Candidates must have three years or more of 
postdoctoral and faculty-kevel or equivalent experi 
‘snoe, Profercice will be given to those with a strong, 
history of successful rescarch in areas including, but 
ot bmited to, transplant immunobvology, pancreatic 
isk isolation, and physiology of glucose-stimulated 
insulin seeretion and beta cell regeneration, 

‘ease submit curriculum vitae, a letter of interest, 
and references t 

‘Ali Naji, M.D., Ph.D, 
J. William White Professor of Surgical Research 
c/o Peter Atherton 
University of Pennsylvania School of Medicine 


‘3400 Spruce Street, 4029 Maloney 
Philadelphia, PA'19104-4283 
E-mail: athertop@uphs.upenn.edu 


Please refer to ad # RechAssProfTrangplant_0707. 

‘The Linivesty of Penryn a Eu Opportunity 
AAfnnaive Action Lamploer. Wamen and minority Candidates 
ane sth encoaged 8 apply 


ASSOCIATE RESEARCH SCIENTIST and 
POSTDOCTORAL RESEARCH POSITIONS, 

‘of Medicine ~ Pulmonary. Positions 
snatlable for highly mosivate individual with Ph.D. 
OrMLD. Niffunded studies invohe laboratory 
SCarch in mouse modes for lang cancer and the role 
‘of tumorstromal interactions. in mediating. pro 
wesson. Two-plus years of experience with mice, 
foecula bole, genomics, and cell culture are pre 
ferred. Pease send curnculum vitae and two Ket of 
refgence to: Charles A. Powel, M.D., Deparunent 
‘of Medicine, 630 West 168th Strct (Box 91), New 
York, NY 10032; or email: capé@eolumbi-ed 
Ghandi Unive hes Mima Ai ond pa 
Employment Oppo 


www sciencecareers.org 


Director, NIH Intramural Center for 
Genomics and Health Disparities 


The National Institutes of Health (NIH) is seeking to recrut a dynamic and experienced senior 
Investigator to serve as the founding Director of a new research sraup within the NIM intramural Program, which wil alo 
represent a new intramural component of the National Center on Minority Health and Health Disparities (NCMHO). To be 
named the NIH Intramural Center for Genomics and Health Disparities (NICGHD), this Center will have a central mission 
to advance research into the role of genetics and genomics in health disparities. Additional partnering NM organizations 
Include the National Human Genome Resaarch {nsttute the National Meart, Lung, and Blood Institue, the National In- 
stitute of Diabetes and Digestive and Kidney Diseases, the Center for information Technology, and the John E, Fogarty 
Intemational Center, The succesful candidate will be expected both to lead a first-rate research program and to ad- 
Vise the NCMHD. leadership about the use of genetic and genomic approaches to study and address health dispar 
ties, This flly funded research position will include appropriate start-up allowances, an ongoing operating budget, and 
positions fara staff comprised of -10-12 individuals. 


[At its outset, NICGHD will functionally operate within the NHGRI Division of Intramural Research (see www.genome.gov! 
DIR). Candidates must have an M.D., PR.0., oF equivalent degree, and demonstrated accomplishment in genetic and/ 
(or genomic research, Candidates must also have a strong track record of scientific leadership and effective management 
‘off major scientific program. Interested applicants shoud submit their curricum vitae, a three-page description of their 

research program, and three letters of recommendation thravgh our online application system, at http://reyearch.nhgr.nih. 


gov/apply. 


‘The closing date for this position & June 1, 2007, 


Specific questions regarding these positions may be directed to Dr. Andy Baxevants (Search Chair) at 
Aandyarngri.nth.gov o by fax (301-480-2644). 


Department of Health and Human Services + National Institutes of Health 
DHHS and NIH are Equal Opportunity Employers and encourage applications from women and minorities, 


Scientific Review Administrator 
ee (Health Scientist Administrator) 
Center for Scientific Review 
httpil/ems.csr.nih.gov! 


Wout ou tke o week withthe most accomplished scicsists in your fed to provide 
fair ad expert por review of research and training grant applications submited 
to the NIH? The Center for Scientific Review is recruiting dynamic, experienced 
research scientists ina variety of scientfi ars.The successful candidat wil bea 
respected, accomplished sccnist with matut,imtegity and oustanding comms- 
nication skills. Requirements include an M.D. o¢PA.Ddcree inthe biomedical o¢ 
behavioral sciences or equivalent ining and experience), record of independent 
research accomplishments in your ld, documenta by an outstanding publication 
record and administrative background. 


The Scientific Review Administraiorisat the focal point of NIH pec review. SRAS: 
analyze grant applications for key topic areas, recruit experts, conduct sud section 
meetings, and prepare review documents. The positon involves travel to scientific 
mcctngs, training in health science administration, opportunities to serve the large 
NIH community, and career development activities. 


|Compensationis commensurate with research experience and accomplishments, and 
3 fall Civil Service package of benefits is available (including retirement and thrift 
plans as wel as health ife, and long-temn care insurance) 


For information about current opportunities as a Health Scienex Administator at 


CSR, consult our website: http:iems.sr.ih.gov/AboutCSR/Employment. Feel 
free to call 301) 435-1111 as well if you have any quesions. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Postdoctoral, Research 
and Clinical Fellowships 


at the National 
Institutes of Health 


‘www.training.nih.gov/pdopenings 


www.training.nih.gov/ 


openings 


Train at the bench, the bedside, or both 


Office of intramural Training and Education 
Bethesda, Maryland 20892-0240 
800.445.8283 


‘THE METHODIST HOSPITAL 
RESEARCH INSTITUTE 


‘The Methodist Hospital Research Institute of 
‘The Methodist Hospital, Houston, Texas, seks 
aan exceptional physician scientist to lead its 
effort in clinical research, The Methodist Hos- 
pital System consists of 1,480 beds, inch 
1,000 located in the Texas Medical Cen 
Houston. With our partners at Weill Comell 
Medical College and New York-Presbyter 
Hospitalin New York City, there are3,500 beds 
available forclinical investigation and elinical 
tials. The successful candidate will be respon- 
sible for organizing and leading the Institute's 
clinical research in Houston and collaborating 
with our Comell and NYP colleagues. We 
encourage applications from individuals who 
currently lead substantial funded programs 
conducting clinical research. The hospital has 
entered an unprecedented expansion phase that 
includes construction of a 420,000 SF state- 
of-the-art research building and a 750,000 SF 
ambulatory care building, both designed 10 
foster iterdisciplinary collaboration, The sue- 
cessful applicant will eceivea generous salary, 
its, and a relocation package, and 


Entomology, BLACK MOUNTAIN, ACT 
$72K - $97K plus Superannuation 
Reference Number: 2007/54 


Testing and developing evolutionary theory using natural populations is always 
challenging, We seek a population geneticist who can rise to this challenge. 

You will develop and lead research that focuses on population structure and gene 
flow in natural populations of invertebrates relevant to major issues for Australia 
Inthe first instance you will contribuce to CSIRO's research in the CRC for National 
Plane Biosecurity, with the longer term expectation for you to develop a wider 
CSIRO research program with a range of organisms in collaboration with Universities 
and other research providers. 


This position suits an early career scientist keen to establish their own research 
‘grup using excellent science to progress theory while at the same time giving insight 
to practical problems and their solutions 

opport 
riculum vitae, including grant fan 
‘mation to: James M. Musser, M.D. Ph.Ds 


For selection documentation and details on how to apply 
visit www.csiro.au/careers or phone |300 30! 509. 


Hospital Research Institut 
grantcooper.com: Phone: 
Fax: 314-726-5204, 


. = VACANCIES FOR PRINCIPAL INVESTIGATORS DEPARTMENT OF THE ARMY 
CICs E (ea pienso san sexasni, ‘SCIENTIFIC AND PROFESSIONAL (ST) VACANCY 
GUNE sasaue courrny; seam ANNOUNCEMENT 
>The Centre for Cooperative Research in Biomateriais (CIC biomaGUNE) is a non DAST-01-47 
rot msc oparsaton cote 0 prorat scents Remarc an crop 
Innovation a the highest aves in the Basque County Extabeaned bythe ‘Opening Date: 12 March 2007 
Pep solawesty Uden! pep te owreeg eyebedyppen ed Closing Date: 11 May 2007 


Title: Senior Research Scientist 
(Physical Scientist), ST-1301 
Salary: $129,745 - $154,600 


Location: US Army Research Laboratory (ARL) 
‘Army Research Office 
Research Triangle Park, North Carolina 


Duties: The incumbent’ principal area of responsibilty is physical sci- 
‘ence. In this general arca the incumbents anactive researcher whoapplies 
extensive knowledge of physics, chemistry and ifescicncestoa wide range 
of problems, such as: chemical synthesis; material characterization; macto= 
moleculararchitecture; quantum mechanical processes; ultrafast switching 
in material systems; functional materials for soldier protection; chem 
and biological protection; enzyme structure and activity; polymer process 
and nant to citea few areas. In these areas, the incumbent 
interacts with international scientists, fro industry and academic and with 
scientists and engineers in Army laboratories. The incumbent uses these 
id inherent expertise to assess priorities in the fromtier areas of 
vant tothe Army. and to implement technology transfer to th 
Ammy, other military services, and industry. 


Visit: www.usajobs.opm.goy, select “Search Jobs," and enter position 
tite oF announcement number in “Keyword Search”; or Contact 
Dione Moore, Human Resources Specialist, Phone: 703-692-3315 
HODA, Civilian Senior Leader Management Office 
ATTN: Ms, Moore 


140 Army Pentagon, Room 14123, 
Washington, DC 20310 


IRELAND'S 
EDUCATION 
CAPITAL 


University College Dublin 


oldiste Ollscoile 
Baile Atha Cliath 


Excellence always attracts the best 


PROFESSORSHIPS AND EARLY CAREER LECTURESHIPS 
IN SCIENCE, ENGINEERING AND MEDICINE 


Iniversity College Dublin (UCD), Ireland's largest and mast diverse university, has played a unique role 
in the development of modem ireland, Building on this track record, UCD has recently launched a new 
strategic plan (available on www.ucd.ie) with the explicit goal of establishing UCD as a European leader 
in th level training (masters and PhO training) and research. 


To drive this transformation, UCD is inviting expressions of interest from both senior professors and 
early-career lecturers in the range of disciplines set out below within the context of the recently announced 
«all for proposals from Science Foundation leland (the "Stokes Professorship and Lectureship Programme’ 

available at wwwsfiie) 


BIOLOGICAL SCIENCES ‘+ MOLECULAR NUTRITION 
+ GENETICS * NANOBIOLOGY AND NANOMEDICINE 

+ BIOCHEMISTRY + NEURODEGENERATION 

* CELL BIOLOGY * DIABETES AND CARDIOVASCULAR RESEARCH 


+ COMPARATIVE GENOMICS 
* DEVELOPMENTAL BIOLOGY 

+ ENVIRONMENTAL SCIENCE 

‘+ PROTEOMICS AND PROTEIN SCIENCE 
* INORGANIC CHEMISTRY 

* SYSTEMS BIOLOGY 


ENGINEERING, MATHEMATICAL 
AND PHYSICAL SCIENCES 

* ADVANCED IMAGING RESEARCH 

* APPLIED MATHEMATICS 

* BIOENGINEERING 


* WIRELESS COMMUNICATIONS 
AND MOBILE COMPUTING. 
BIOMEDICAL AND 


BIOPHARMACEUTICAL SCIENCES “ Exseporpsysieus 


EMBEDDED SYSTEMS 


* MICROBIOLOGY * ENERGY RESEARCH 

* PHYSIOLOGY + COMPUTATIONAL SCIENCE AND. 
* PHARMACOLOGY INFORMATICS 

* PHARMACEUTICAL SCIENCES * MATERIALS SCIENCE 


* MOLECULAR MEDICINE 


Expression of interest enquiries can be emailed to 
the following address: stokes@ucd.ie from where 
your query will be routed to the appropriate person. 


Closing date for expressions of interest 
is 4th May, 2007. 


UCD PERSONNEL, UNIVERSITY COLLEGE DUBLIN, www.ucd.ie/vacancies 
BELFIELD, DUBLIN 4, IRELAND, 
7:+353-1-716 4900 ; F:+353-1-716 4949 


UCD isan equal opportunities employer. 
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THE NATIONAL ACADEMIES 
‘ise ino ae, nein od Nee 
Executive Officer 
Institute of Medicine 
The tte of Medicine ofthe National Academies (]OM) seks 
iEsculveO flew This inn csp oppormeiy Drs oaeag leader 


and manager who is well versed in health and government and secks 
to make a positive impact on the public’s health 


Institute of Medicine is w serve as adviser to the 
nation to improve health. Working outside the framework of gover 
ment, the 1OM provides scientific, evidence-based guidance to policy 
hers, professionals, civic leaders, andthe public atk 


The successful candidate will work closely with the IOM President 
and will oversee the intellectual, managerial, and financial aspects 
‘of the [OM progy the policy directives of the 


IOM President 


This position requires a PAD in a related field or equivalent knowledge 
With 10 years of related professional experience, $ of which were in a 
supervisory eapacity 


For more information about this challenging carver opportunity and to 
apply, please visit our website a http:/nathonal-academics.org -click 
‘on Employment - view by department ~ Institute of Medicine: 


The National Aeackemies are nonprofit organizations that work wer 
‘an 1863 congressional charter providing independent exlvice tothe 
‘nation on matters of science, technol, and medicine 
‘Heauquartered in Washington, DC. EOE/MF/D 


national-academies.org, 


Nebraska 
Center for 
VIROLOGY 


Faculty Positions in Immunology with an 
Emphasis on Viral Systems 


We are socking candidates to fill wo new faculty positions in immunol: 
with an emphasis on studying viral systems, Appointments may be 
at the level of Assistant, Associate, of Full Professor and will be in the 
Nebraska Center for Virology housed in a new state-of-the-art research 
facility at the University of Nebraska - Lincoln, Excellent opportunities 
exist for escarch collaboration between Center faculty located in multiple 
departments and at other institutions. All candidates should hold a PhD 
or equivalent, Senior candidates must have a strong research record and 
current extramural research funding demonstrating expense in study- 
ing the immune respons 
expertise in broader areas of unmunology, sho lan wo developa program 
n a viral system, are strongly encouraged to apply. All candidates will 
be expected to mainiain extramural funding and be involved in graduate 
and undergraduate tcaching. Lnformation about the Center ean be found 
at bttp:!/www.unledw/sirologycenter 


For more information or to apply for this position, visit http: 
femployment.unledu, To be considered you MUST complete the 
Facully/Administrative Information form for Requisition Number 070230 
and attach required documents. Review begins May 15, 2007, 


The University of Nebraska is committed 
tw a pluralistic campus community through as 
afemative action aad equal opportunity an is 

responsive t the needs of dual career couples 


We assure reasonable accommestation wider 
the Americans with Disabilities Act; comact J. 
Walker at 402) 472-4560 for assistance 


3& Sunnybrook 


RESEAR 


H INSTITUTE 


Senior Research Associate 
Applications ae invited for the position of Senior Research Associate. 
This is full ime position with salary 
with experience 


full benetits commensurate 


The laboratory focuses on the genetics and biochemistry of lymphocyte 
tigen receptor mediated cellular activation ~ with a specific focus on 
the roles of sre family tyrosine kinases and the cognate phosphatases 

¢ their function. The successful candidate will bave dem 


that regula 
onstrated experience in gene cloning, gene mutagenesis, the creation 
ad utilization of expression vectors, cell lines, T cell clones, primary 


T lymphocytes and the ectopic expression of kinase and phosphatase 
variants in these cells, 


Curriculum vitae and det 
the names and contact information of three references can be submitted 
electronically ot by mailto: 
Michael Julius 
Vice President, Research 

Sunnybrook Health Sciences Centre 

2075 Bayview Avenue, Room A333, 

Toronto, Ontario, M4N 3MS Canada 


‘michael juliusa sri.utoront 


ils of previous nese 


Sunnybrook Health Sciences Centre and the University of Toronto 
‘are committed ta employment equity and welcome applications 
rom all qualified women and men, including visible minorities. 
‘abvriginal people, persons with disabilities, and persons of a 
diversity of sexual orientation. 


@ STONY BROOK 
UNIVERSITY 
MEDICAL CENTER 


Physician/Scientist Positions 

rook University Medical Cente ooking two Pysician Scintis for 
fac poston atthe rankal Assan Prolesso Assoc Prolesso, and 
Frolessain the Deparment of Medene inthe general areas of ifectous 
eases and immunity to econ. The candidates wil ha a jon apporimant 
a the Deparment of Morsay Genetics and Merebolany. The Department of 
dice, te Deparment of Molec Genetics and Meebo, and the 
xjacen Centr for necious Ozeases prod a hghyirieractve acetic 
Community with a word-caserascarch asvucure. The Schoo! of Medina 
See Stony Brook Unverty Mea Centr manta oustarng coe rostrch 
fociter and sper cnea foie. The poston gurantee protected time 
for resort actvtes An ostandeg startup podage nce barat pact 
with startp fonds excelent benefits, and competitive sls commento 
‘eth academe quaifeatone. The canddntes are expected to estabiahor dec 
Sa icependent smc rseech poyam. This ps wil taga sone 
Barte stem n nea an tach ng ates 
Required: 1.0. or M.0/P%.0, toad certifaton in netous Diseases, and 
be eigble lo NYS madcal censure. Pry wil bo gen to candats wth 
reser treats and emer nthe areas of fectous eases ot mane 
sponses to fect to complement or ado exiting areas ol esearch 

magi bath Gepartmens 

The reviw of apicatins wil bin Api 007, and wil coins nti 
‘hy 207, cut he postin i le 
Candidates should senda CV, a briet summary of accomplishments and 
future research interest lor pages total), and the names and contact 
information of tree relerences ta Jovg | Bonach Ph, Cha of Sowch 
Commitee, Department of Moleodar Gents and Microbiology, 190 if Scioces 
Balding, Story Brook Users, SUNY, Sony Boo, NY 117945222 
al sperma Aen Employ ist wn anroot du 
{Sood re oe br engomers nimetan 


The Howard Hughes Medical Institute 
invites applications for investigator 
Positions from scientists who 

have demonstrated originality and 
productivity in biomedical research 
and who show exceptional promise 
for future contributions. 


Eligibility 

# Ph.D. or M.D.(or the equivalent) 

# Tenured or tenure-track position as an assistant 
professor or higher academic rank (or the 
equivalent) at an eligible US. institution 


# Four to 10 years of experience since appointment 
as an assistant professor 

1 Principal investigator on one or more active 
national peer-reviewed research grants with a 
duration of at least three years 


Application deadline: June 13, 2007 


Application information: 
www.hhmi.orglinvestigator2008/sci 


HHMI 


HOWARD HUGHES MEDICAL INSTITUTE 


HEMI investigators are among the most creative and 
promising biomedical scientists in the nation, ‘They 
rigorously pursue significant biological questions, 
develop innovative research tools and methods, and 
lead their scientific fis into new areas of inquiry, 
Working to push the boundaries of fundamental 
knowledge and 
HEMI investigators forge links berween basic biology’ 
and medicine. 


ely to improve human health, 


‘The Institute seeks to appoint to its investigator 
imately 50 outstanding scientists, 

mn will enable HHMI to strengthen: 
its community of researchers and bring innovative 
approaches to the study of biological problems not only 
in the biomedical disciplines but also in adjacent fields, 
such as chemistry, physies and biophysics, biomedical 
cengincering, and computational biology. Candidates 
should apply directly to HHMI: nstitutional 
endorsement is not part of the application process, 


HEMI, a nonprofit medical research organization, 
plays.a powerful role in advancing biomedical research 
and education in the United States. The investigator 
program rests on the conviction that scientists of 
‘exceptional talent, commitment, and imagination 

will make fundamental biological 
the betterment of human health if they receive the 
resources, time, and freedom to pursue challenging 
questions. The Institute's investigators, selected 
through rigorous national competitions, indude 

11 Nobel Prize winners and 115 members of the 
National Academy of Sciences. 

The Howard Hughes Medical Institute is an equal 
opportunity employer. Women and members of racial 
cand echnic groups traditionally underrepresented in the 
biomedical sciences are encouraged to apply. 


overies for 


From life on Mars 
to life sciences = 
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For careers in science, 
turn to Science 


If you want your career to skyrocket, visit of Science, the premier scientific journal, and 
ScienceCareers.org. We know science. We are the long experience of AAAS in advancing 
committed to helping you find the right job, science around the world. ScienceCareers.org is 
and to delivering the useful advice you need. the natural selection. 

Our knowledge is firmly founded on the expertise WWW.SCiencecareers.org 


Features include: 
* Thousands of job postings * Resume/CV Database 


ScienceCareers.org, 


© Career tools from Next Wave * Career Forum 


» Grantinformation We know science BYAAAS 


Faculty 
Positions 
(ALL LEVELS) 


the Burke Medical Research Institute is a 
research enterprise that actively synergizes 
with the Burke Rehabilitation Hospital on a 
beautiful 60 acre campus just north of New York 
City to advance strategies for neuroprotection 
and neurorepair. We are a leader in utilizing 
state-of-the art scientific approaches to develop 
novel regenerative strategies that can combat 
neurological disability with particular interests 
in stroke, spinal cord injury, traumatic brain 
injury, Alheimer’s disease and Parkinson's 
disease. The Institute has a strong affiliation 
with Cornell University Medical College and 
18 active faculty members all appointed in 
Departments at the Weill Medical College in 
Manhattan (35 minutes from Burke) w 
are well known for their vibrant research 


Wich cotsant 
collaborative applica for faculty postions 
atall levels (Assistant, Associate or Full) in areas 

of research exploring diverse questions related 10 
‘regeneration pair and plasticity individuals with 
experience in invertebrate and vertebrate models of 
regeneration and cell death, 2-photon microscopy and 
confocal microscopy, in vivo bioluminescence 
clectrophysiology, proteomics, enzymology, medi 
chemisry, cell based therapeutics, transcriptional 
biology, histology are of pantculsr interest, Suocessfil 
applicants will have an exciting esearch program 
related to neural repair and regeneration with potential 
for inerfxce with a number of investigators in the 
Insitution. The Burke Medical Research Insitute offers 
a competitive package of research support, salary, and 
benefits and isan equal opportunity employer and a 


and education programs and that in 
1 Sloan Kettering and 


ceases include Memo 
Rockefeller University 


y drug free workplace. Candidates receiving offers of 
employment willbe subjectto pre-employment du 
{esting and backygound cocks, 


WINIFRED MASTERSON 
BURKE MEDICAL 
RESEARCH INSTITUTE 


Interested applicants should send CV, a letter of | 
research interests, and contact information for 

lee references to: Rajiv R. Ratan M.D., Ph.D., 
Exceutive Director, Winifred Masterson Burke 
Medical Research Institute, 78S Mamaroneck 
Avenue, White Plains, NY 10608, 
rralan@burkeore, woo roy 


Programm zur Férderung 


der Riickkehr des wissenschaftlichen 


Spitzennachwuchses aus dem 


Der Forschungsstandort Nordrhein Westfolen steigert seine 
Atrolvitat fir die Rickkehr des Spitzennachwuchses ous dem 
Ausland. Hier werden gut ausgestatete Positionen fir den 
‘Aufbau und die Leitung selbststiindiger Nachwuchs- 
gruppen im Bereich der Lebenswissenschaften cus 
geschrieben. 


Je Nochwuchsgruppe stellt die Londesregierung fir einen 
Zeitroum von finf Johren bis zu 1,25 Mio EUR zur 
Verliigung, Die Leitungsposition ist mit Entgeligruppe 15 TVL 
—vergleichbor W2 ~ dotier. Sie erhalten eine personenge- 
bundene Finanzierungszusoge und etoblieren thr Lobor on 
einer Hochschule Ihrer Wohl in Nordrhein: Westfalen, wel 
che Ihnen die beste Zukunftsperspektive und eventuell ouch 
tenure (track) bietet. 


Sie forschen derzeit auBerhalb Deutschlonds im Bereich der 
lebenswissenschaften, verfiigen dber eine quolifizierte 
Promotion, thr Lebensmittelpunkt lag vor dem Auslondscuf- 
enthalt in Deutschland und Sie kénnen insgesomt minde- 
stens 24 Monate erfolgreicher wissenschoflicher Forschung 


Ausland 


ouBerholb Deutschlonds vorweisen. Wenn dies alles auf Sie 
zzutriff, freven wir uns auf thre Bewerbung unter 


www.rueckkehrerprogramm.nrw.de 


Ihre Bewerbungsunterlogen in englischer Sprache enthalten 
Lebenslouf, Publikationsliste, einen Arbeitsplan fur die néich 
sten finf Johre, eine Zusammenfassung Ihrer bisherigen wis 
senschafilichen Leistungen, bis zu drei Ihrer wichtigsten 
Veréffentlichungen und Referenzen. Weitere Informationen 
sowie eine detuillierte Beschreibung des Programms finden 
ie out der angegebenen Internetseite 


ite reichen Sie Ihre Bewerbungsunterlogen bis zum 
1, Juni 2007 (Deadline) online ein 


Dos Lond Nordthein-Westfolen férdert die berufliche 
Entwicklung von Frouen. Bewerbungen von Frauen werden 
dcher besonders begrifit. Bewerbungen geeigneter schwer- 
behinderter Menschen sind erwiinscht. 


NRW. 


TE) Ministeriam fr lanovaion, 

Wiscmschah, Fosehang 
UJ) cea'rechntoge ev Lanes 
ee Neda Wetsen 
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Get the experts behind you. 


www.ScienceCareers.org 


* Search Jobs * Career Forum 
Next Wave * Career Advice 

© Job Alerts * Meetings and 

© Resume/CV Announcements 
Database © Graduate Programs 


All features on ScienceCareers.org are FREE to job seekers. 


Utrecht University is a place of learning that offers many widely varying disciplines. Where different areas, 
‘meet or overlap, the developments are particularly interesting. At Utrecht University science never stops. 
Nor will your development. 


Utrecht University urgently seeks applicants who can easily identify with ths open, dedicated and multidiscipinaty culture 
Currently, we are looking for canddates for the following specific position 


»» FULL PROFESSOR IN STRUCTURAL BIOLOGY 
(NMR SPECTROSCOPY) 


The Utrecht NMR center is a national and EU Large Scale Faclity for biomolecular NMR spectroscopy and part of 
the department of Chemistry of the Faculty of Science. The NMR research group has a vacancy for a full professor oF 
assistant professor. The successful candidate is expected to develop nuclear magnetic resonance for structure analysis 


of protein complexes and membrane prot 


ins. The new professor will also participate in the chemistry undergraduate 


and graduate teaching, We are looking for a candidate with expert know/edge and an established international 
reputation in the field of nuclear magnetic resonance for structure analysis of protein complexes and membrane 
proteins. You have an outstanding publication record, experience with teaching and good management skills 

We offer a ful-time (tenure track) position with a salary that's commensurate with experience and qualification and 
ranges from € 4,242 to € 6,841 gross per month 


‘More information: Prof Dr P. Gros chairman of search committee), +31 (0)30 253 3127 or Prof Dr R. Boelens 
(chairman of NMR Research Group), +31 (0)30 253 4035, 


Please visit WWW.UU.NL/VACANCIES for a complete job description. 


Ibn: Science never stops_ 


‘Universiteit Utrecht 


WHO HAS 


~3,200 
OBS 


UPDATED 
DAILY? 


We know science 


FACILITY DIRECTOR 


PROTEIN PRODUCTION 


‘The Abert Einstein Collegeof Medicine is seeking a 
highly motivated individeal to oversee and manage 
the Protein Production Paitin the new Centr or 
Genetic and Trandational Medicine. The Protein 
Production Facility will complement a wide range of 
‘outstanding programs in structural genomics, 
infectious “disease and immunity, drug and 
therapeutic development, molecular imaging and 
high throughput proteomics anabses. The ticity 
wil alo serve as a foal point for the centralization 
And dissemination of expertise and reagents to the 
“otire Einstein corn 


‘The success applicant will have atleast 3 years of 
post doctoral experience with a wide-range of protein 
‘apresion technologies, incling bacterial insect, 
fmammalian and cell-free platforms, and 2 strong 
tackground in molecular biology. protein chemistry. 
automation and rabotics technology. The ability to 
‘work independently and to superise and manage 
‘ltiple projects simltancousy is essential, as are 
‘Superior organizational and communication skills 


Applicants should provide a cover letter describing 
ther bockgroand and accomplishments: a vision for 
8 moder protein production feiity, curiculum 
vitae, including publication list: and the names 
of three references as a single PDF fle. to: 
PPSearch@medusa bincaccom ya.edu Applications 
Fiting Wot Jubii 2007 ol rcebe fll 
Consideration. Other correspondence can be 
‘essed to: Protela Production Facility Search, 
Dept of Biochemistry, Albert Einstein College of 
Medicine, Jack and Pearl Resnick Campus, 1300 
“Morris Park Ave, Bronx, NY 10461. BOE 


FACULTY POSITION 


‘The Department of Anatomy and Cell 
Biology at Downstate Medical Center 
invites applications for a tenure-track 
faculty position. 


‘The successful candidate is expected to 
have an independent, extramurally-funded 
research program in the cardiovascular 
sciences and to participate in teaching 
sdical students and graduate education. 


Preference will be given to candidates with 
prior teaching experience and training in 
stem cell research. Curriculum vitae, a 
brief description of previous and 
anticipated research, and the names. of 
three references should be sent to: 


Dr. M.A.Q. Siddiqui 
Professor and Chair 
Department of Anatomy & Cell Biology 
State University of New York 
Downstate Medical Center 
480 Clarkson Avenue, Box 5 
Brooklyn, NY 11203 


FAX: 718-270-3732 
mail: MAQ.Siddiqui@Downstatecdu 


suny 

DownsTATE 
Medical Center 

SUNY Date isan EOE 
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From physics to nutrition 


For careers in science, 
turn to Science 


Looking for a great 
science career? 
q 


If you want your career to bear fruit, don’t leave it to firmly founded on the expertise of Science, the premier 


2 
g 
¥ 
5 
3 


chance, At ScienceCareers.org we know science. We are scientific journal, and the long experience of AAAS in 
committed to helping you find the right job, and to advancing science around the world. ScienceCareers.org 
delivering the useful advice you need. Our knowledge is isthe natural selection. WwW.SCiencecareers.org 


Features include 
* Thousands of job postings» Resume/CV Database ScienceCareers.org 


* Career tools from Next Wave» Career Forum 


We know science 


* Grant information 


Kingdom of Saudi Arabia 
Ministry of Higher Education 
‘Taif University 
College of Medicine and Medical Sciences 
and College of Pharmacy 


laff Vacancies for the Academic 
Year 2007-2008 


College of Medicine and Medical Sciences, Taf University, Saudi Arabia, is 

1 newly established institution of higher education that is striving for 

worldwide recognition, excellence of services and dedication to the 

advancement of medical science und research In addition, a pharmacy school 

Pharm D program, has started in 2006 under the administration of the 
1 school. 


Academi 


Is looking for highly motivated outstanding individuals to fll 

the vacant academic positions of Professor. Associate Profesor of Assistant 

Professor or Lecturer in the following disciplines to undertake teaching 

esponsibilitcs as well as research endeavours inthe colleges of medicine 

1d medical sciences and pharmacy 

College of Medicine and Medical Sciences: 

+ Professor Posts: 
‘One position in cach forthe following specialities: Medicine, Surgery. 
Family Medicine, Community Health Sciences and Pediatrics 

+ Associate Professor Posts: 
‘One position in each for the following specialities: Epidemiology 
Obstetrics and Gynecology, Communication Skills, Physical Therapy 
Two positions for Histopathologists 

+ Assistant Professor Posts: 
‘One position in each forthe following specialties: Clinical Psychology 
Community Health Sciences, Family Medicine, General Surgery, 
Haematology (clinica), Internal Medicine, Laboratory Medicine. 
Medicine (Endocrinology), Psychiatry, Clinical Radiology 
‘Gtolaryngology, Gencrl Pelitrcs, Neurosurgery, Medicine (Neurology), 
Urology (Medicine), Pediatric Pulmonology, Pediatric Gastroenterology 
Orthopedics, Anesthesiology, Obstetrics and Gynecology, Cardiology 
Oncology, Nuclear Medicine, Physical Therapy, Biostatistics and 

Epidemiology, 
‘Two positions in each for the following specialities: Intensive Care 
Medicine and Environ 
‘Three positions for E 

+ Lecturer Posts: 
Five positions are open for lecturers in Basie Modi 
position in Medical Ethics. 

College of Pharmacy: 

+ Professor, Associate Professor or Assistant Professor Posts: 


+ Lecturer Positions: 
"Two positions for English Language Lectures. 
‘Qualifications: PhD or equivalent for Professor, Associate Professor oF 
Assistant Professor positions, unless otherwise specified 
eeturers and MBBS forthe Lecture po 


(Atleast ten 
‘years fr Professor, five years for Associate Profesor, two years for Assistant 


Experience: Teaching experience in a recognised univers 


entific productivity must be measured in form of 
publications in reputable peer reviewed scientific journal. 


The university benefits package includes competitive salaries, housing, 
medical coverage, 60 days annual leave, about 20 days holiday’, airline 
tickets, relocation allowance and end of service gratuity. Academic rank and 
salary wil be commensurate with qualifications 


Interested individuals are requested to submit their applications, which 
should include an updated detailed C.¥., list of publications and names and 
addresses of three referees. Complete applications should be addressed to: 
‘The Dean 
College of Medicine and Medical Sciences 
“Taif University 
PO Box 388. 
“Tait 21944 
Kingdom of Saudi Arabia 
Email: taam_tm@yahoo.com, doc_tm100@ hotmail.com 
Fax: +966-2-7250528 


ulm university universitat 


uulm 


‘The Medical Faculty of the University of Ulm invites applications for 
2 position of a 


Professor (W 3) 


of Molecular Aging Research 


at the Department of Dermatology and Allergology 
— Head of Department: Professor Dr. Karin ScharfetterKochanek 


Applications are ivited fiom internationally recognized scientists for 
the position of a full Professor of Aging Research within the Medical 
Faculty ofthe University of Uim 


Applicants are expected to have a documented record of accom 
plishment in the field of aging and age-elated diseases. Applicants 
from other research fields ave also encouraged to apply but must 
have a strong interest to extend their research tack into the fed of 
aging esearch, The successful candidate is an outstanding sclentst, 
with experience in areas that could include cellinoleclar biology, 
blochemistry, genomics and genetic model systems to study the 
‘molecular bass of celular and organismal longevity and senescence, 


The position is embedded inthe clinical research group “Molecular 
and cellular aging ~ from mechanisms to clinical perspective" funded 
by the German Research Foundation (DFG). The German Research 
Foundation expects the candidate to apply for funding ofa project 
that Is within the aims ofthe clinical research group, and to develop 
strong independently funded research programs to complement and 
tenhance the already existing strengths ln aging research, The candi: 
date with a successful proposal wil be equipped with a competitive 
start up package. 


Requirements include a PhO or MO degree, postdoctoral experience, 
and a postgraduate lecture qualification or an equivalent to German 
“Habilitation”. Applicants should have a sound research record and 
a successful track record in grant acquisition. 


The position Is tenure-track. With the fist appointment, the contract 
‘of employment willbe limited for the funding period of the clinical 
research group. Subsequently, tenured employment is possible, and 
will depend on an evaluation. 


The University aims at increasing the representation of women 
‘among the faculty staf and therefore explicitly encourages applica 
tions from female scientists, 


Applications including the application form, a full CV, a compete list, 
of grants and publications, and a summary of curtent and proposed 
research activites and objectives should be sent and received not 
later than May 35, 2007 to: University of Ulm, Professor Dx. KM. 
Debatin, Dean of the Faculty of Medicine, D-89069 Ulm, Germany. 


‘The application form is available at httpy/Wwerm.uni-uln. defmedizin/ 
(Fakultat, downloads, Fakultat, Bewerbungsformulardoo) 


The University of Uim is an equal oppomtunity employer and 
welcomes applications fom all qualified individuals. 
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Does your next career step 
need direction? 


7 {got the offer!'ve been 
dreaming of 
_ “ x ¢ 
<4 t 
With thousands of job postings, 4 
it’s alot easier to track downa / 
career that suits me 


Now what? 


Iwant a career, 


not just ajob 


\ 


There's only one place to go for career advice if you value the 
expertise of Science and the long experience of AAAS in supporting 
career advancement - ScienceCareers.org. The pages of Science 
and our website ScienceCareers.org offer: 


Thousands of job postings * Funding information 
* Career advice articles and tools _* Networking opportunities 


www.sciencecareers.org 


Looking for solid ground in the ever-changing 
landscape of science & technology 
policy and budget issues? 


Join the nation’s top S&T experts at the 32nd Annual 
AAAS Forum on Science & Technology Policy 
3-4 May 2007 * Washington DC 
International Trade Center in the 
Ronald Reagan Building 


The AAAS Forum on Science and Technology Policy provides a setting 
for discussion and debate about the federal budget and other policy 
issues facing the science, engineering, and higher education commu: 
nities. Initiated in 1976 as the AAAS R&D Colloquium with about 100 
participants, the Forum has emerged as the major public meeting in 
the U.S. devoted to science and technology policy issues. It annually 
draws upwards of 500 of the nation’s top S&T policy experts. 


* Get a full analysis of the + Registrants will receive, at 
President's federal R&D the Forum, AAAS Report 
funding proposals. XXXil: Research and Develop: 

ment, FY 2008, a comprehen: 

shaves an opbortlisty i sive analysis of the proposals 
maat dicacity wit Kay for the FY 2008 budget, pre- 
S&T policymakers. pared by AAAS and a group 

* Learn how the changes in of its affiliated scientific, 
Congress are affecting S&T engineering, and higher 
policy iesues education associations. 

«© Network with colleagues, For more complete details on 
including top decisionmakers the program, hotel registration 
in science and technology and on-line registration, 
polley from all sectors. please visit the website: 


www.aaas.org/forum, 
* Learn about broader national 

and international develop: 

ments that will affect strate 

gic planning in universities, 

industries, and government. 


YMPOSIUM 


Frontiers in “Evaluating the Extent 
and Impact of Environmental Contaminants” 


i 


% 
a 


AUBURN UNIVERSITY 


COLLEGE OF SCIENCES 
AND MATHEMATICS 


Featured speakers: 
Francis H. Chapelle, U.S. Geological Survey 
Lee Ferguson, Univ, South Carolina 
Tyrone Hayes, Univ. California Berkeley 
Paul Lioy, UMDNJ Robert Wood Johnson Medical School 
Deborah Rice, Maine Center for Disease Control & Preve 
Joe Zhou, University of Oklahoma 


Auburn University, Alabama 
Tuesday, May 1, 2007 
Science Center Auditorium, 8 am ~ 5 pm 

www.aubum.cdu/ 


isan /Symposium 


Registration is free, lunch will be provided to those who register in advance. 


Email: Betty Adcock: adeocba@auburn.edu 


USDA Ajag sxx" 


INN FSSA. gov 


Research Plant Pathologist, 
GS-11/12 
Salary range is 
$52,912.00 - $82,446.00 per year 


What’s 
your next 
career 
move? 


* Job Postings 


The Grain, Forage, and Bioenergy Res 
Unit stationed on the East Campus, U 
versity of Nebraska-Lincoln, Lincoln, NE 
is secking 2 permanent full-time Research 
Plant Pathologist wo become 


* Job Alerts Viola grocic ondbochecal oppcacies 

to datcrmine the techauiams by which 

* Resume/CV Virus nico dieas in plots oc spption 
Database this knowledge to improve virus resistan: 


in wheat 
* Career Advice 
from Next Wave 


* Career Forum 


For details and application directio 
ww.afm.ars.usda.gov divisions! 


ancy /resjobs/ARS-X7W-0161.htm. 
have a printed copy mailed, call 301 


1484. Additional information on the pos 
tion can be obtained from Rescarch Leader, 
Ken Vogel (402-472-1564), Anno 


Get help from the experts. closes June 8, 2007. Visit the ARS web site 
ac: wuwarsasdagoy. US. citizenship i 
ScienceCareers.org required 
USDA/ARS i an Equal Opportinity 
wwwsciencecareers.org Emplover and Provider 


Choosing Roche 
We all dream 
of doing big things. 


Solving important 
problems. 


Making a 
difference. 


Improving lives. 


Foch inthe midst of oe of the mos excng periods 
ins history With an array of estabished products 8 


the Uy preeminent companies tht lead the industry 
ito the 2st cerry If you want 1a work in-a dynam, 
hhatenging ervrorment that capitalizes on your 
Strengths and abities, please tke afew moments to 
peruse the flowing jb opening at our Nua, NI 
Headquarters 


Principal Scientist, Discovery Oncology 
Roche s seeking an expenenoed sont jin the 
Dascovery Oncology group to particpte research 
regres devsopang rgd cancer tapeutics The 
{uated cance wil be response for Jevsopng 
ol cant by kag cancer dug discovery 
[pats ond partcpotng n new tagel nutcaton 
Friary resporebites wll ncide designing and 
pertering ca bsed assy FINA for pet ator 
incr oot sgnaing anaijas ELISA Westen biting. 
(ene repatr sytem accu. This postion 
‘have speveoryresparatty for asec level 


5 molec ad calor turer blogy an abe) 
Iraerest in ug dscowery A trond understanding 
‘molecular and cel biclogy concep win the cancer 
tbology fel is essential Expertise aroured states 
for target vatdabon and biomarker development 
<esiatie The quite canta wil be sal- tivated 


therking and prot sg Prous expenence 
the bopharmacoutca industy i desabe but nota 
prerequisite 


To apply to ths positon please vist our website at 
‘ew mochensa conver 1) cae ADM 
Principal Scientist, Metabolic Diabetes 
tn ths hey roe the svcessl candidate wi have 
resporestty for etang research nthe Mable 
Desease therapeutic area, ncuding obesty, dabetes 
snd dyptdemia,As Principal Scientist you vl dove, 
eagh and implement technabiy to charactenze 
‘eo ctv of herapeutes to teat labels, Your 
expertise inte aren of type 2 diabetes. ncuting the 
fsiessment of mechanism of action of dabetes dys 
‘vo wil alow you the opporuny to serve a a dn 
<scovery projet leader are iterct wih a diverse 
team of comets, bolgists and pharmacclogsts in 
compound lead optimization, 

This poston equies a PhD and/or MD. with atleast 
years experericein rug discovery in Melabotc 
SSseases. Eaperse inthe area on vo pharmacology 
techniques such as pancreatic and hyperghoemic 
amps it col studies and hepatic gcoee output 
anajyses required. Excelent oral and writen 
ommurication skis and demonstrated leadership, 
bites area a must 

To apply to this positon please vist our website at 
wm ochexsa.concareer nc ret jb cade MOST, 


Hotians- Looe fn oad 
porte ee 


We Innovate Heathcare 
ro mera 
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From primates to 
proteomics research 


For careers in science, 
turn to Science 


Don't get lost in the career jungle. At ScienceCareers.org of Science, the premier scientific journal, and the long 
we know science. We are committed to helping you find experience of AAAS in advancing science around the 
the right job, and to delivering the useful advice you world, ScienceCareers.org is the natural selection. 
need. Our knowledge is firmly founded on the expertise WWW.SCiencecareers.org 


Features include: 


Thousands ofjob postings —_* Resume/CV Database ScienceCareers.org 
Ss 
© Career tools from Next Wave — * Career Forum 


We know science 


© Grant information 


Call for EUROCORES themes 

ESF is looking for new ideas for collaborative research at the European level. 
We invite well developed proposals for new EUROCORES Programmes 
(EUROCORES themes). 


SETTING SCIENCE AGENDAS FOR EUROPE 


The European Science Foundation (ESF) provides a platform for its Member Organisations to advance European 
research and explore new directions for research at the European level. Established in 1974 as an independent non- 
governmental organisation, the ESF currently serves 75 member organisations in 30 European countries. The ESF is 
devoted to the coordination, implementation, networking and science policy development in the basic sciences. 
The ESF wishes to contribute to the European Research Area with the EUROCORES Scheme. 


‘The EUROCORES Scheme 
The ESF European Collaborative Research (EUROCORES) 
Programmes offer a flexible framework for researchers from 
Europe to work on questions which are best addressed in larger 
scale collaborative research programmes. EUROCORES Programmes 
allow national research funding organisations in Europe and 
beyond to support top class research in and across all scientific 
‘areas, by matching the needs articulated by the scientific 
‘community with their strategic priorities. 


Eligibility criteria 

Proposing groups must include scientists andior representatives 
from national funding organisations from at least four different 
countries with ESF membership. 


For further information on the calls and all ESF activities, 
please goto WWW.esf.org 


Criteria for the selection of EUROCORES themes 

'§ Scientific quality, novelty and feasibility of the EUROCORES 
theme proposal 

|& Requirement for European collaboration 

|§ Relationship to other ongoingyplanned research initiatives 
In the field (national, European, international) 

Qualifications of the proposers 

18 Appropriateness of funding requested 


How to submit a EUROCORES theme proposal 
EUROCORES theme proposals must be submitted online 

by 1st June 2007 midday (CET). Proposals are submitted at 
wwnwest.org/eurocores. The full Call with detailed Information 
{and proposal guidelines can also be found at this web address 
fr contact the EUROCORES Scheme at eurocores@esf.org. 


‘The EUROCORES Scheme is currently supported by the EC Sixth 
Framework Programme under Contract no, ERAS-CT:2003-980409, 


A Career 
in science 
is more than 
just science. 


ScienceCareers.org 


World Conference of Stress 


Hans Selye 1907-2007 
23-26 August 2007, Budapest, Hungary 


including the 
3rd Cell Stress Society International 
Congress on Stress Responses 

in Biology and Medicine 


‘An interdisciplinary Conference of Stress giving 
many opportunities for your creativity and showing 
that Science is Fun. 


‘ienceCareers.or; 
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POSITIONS OPEN 


USDA 2s" 


worwnars.usda.gov 


SUPERVISORY RESEARCH 
GENETICIST/MOLECULAR BIOLOGIST/ 
PLANT PATHOLOGIST 
GS-0440,0401,0434-14/15 
Salary Range of § 89,115 to $136,27: 

The Mant Germplasm Introduction and Testing 
Rescarch Unit in Pullman, Washingson, i secking 
fills permanent, fll-ime highly qualiie scents 
tead an Agency research and caation program in 
plane gemnplnm, Ax Rescarch Leader, sclcrce will 
be responsible lor maintaining and enhancing the 
research creativity and producti of the Unis hi 
ing personnel ant managing the hunvan, fiscal, and 
piyakal resources of the Unity presiding technical 
tifoemation and consultation, foe intemal al x 
temal to Agscultural Rescarch Service and ensutin 
the proper interpectation and reporting of sci 
fescirch ana reals and information, Objectives of 
perwonalrecarch are to develop and apply new ge 

tic marker for phylogenctic and gence diverty 


analyses of prionty crops, emphasizing polymorphic 
DNA markers in priority’ genetic resources; and ex 
tend ongoing cooperative research to update and 


apply phenotypic descriptors for morphological 
traks, Host-plant resistance to insects and agronomic 
ment, and tncorporate phenotyyve data into GRIN 
and/or other databases, For details and application 
instructions, please ce website: http://www afm. 
arstsda,gov/divisions/hrd /index: html, Vacancy 
announcement number ARS-X7W-0187. ‘To have 3 
printed copy mulled call Deb Parker, telephone: 
509-335-8662. For further information regarding 
this position contact Dr. Dan Skinner, telephone: 
509-335-8696, or e-mailidzs@wsu.edu. Applica 
Bions must be received by June 4, 2007. US. aBsoulyp 
{s myuind. USDA, ARS 6 as Esl Oppetinity Epler 
und vier 


A POSTDOCTORAL POSITION js availible 
for one year with possibilty of extension for a sel 
motivated individval tor stuxly the role of steroid 
hormones on the expression of angiogenic growth 
Factors it breast cancer, Prioe experience in matt 
mary wlan! biology, cell culture techniques, molec 
tlar biology, ant animal handling is important, and 
ceaperience in using xenograft models is esichtal 
The Laboratory is particularly interested in detin 
ing molecular switches that can be linked to hoe 
mone driven angiogenesis in endocrine dependent 

sues. Please apply with namcs of three references 
to: Dr, Salman Hyder, Dalton Cardiovascular Re- 
search Center, University of Missouri, Columbia 
(email: hyders@missouriedu). 


POSTDOCTORAL POSITION is sailable to 
study the mechanism and function of DNA topes 
erase and tecQ helicase with biochemical and 
biophysical methods. Candidate should be a recent 
aujuate with a strong biophysical or biochemical 
Background. For our recent research interests, see 
Prac. Natl Acad. Sei. 1032 11118, 2006, and Proc 
Natl. Acad. Si. 1042 4840, 2007, phus more details 
at our website (website: http://www. biochem. 
sich.himl). ‘Send resume and 
by email te Dr. Tao-shih 
Hsich, Department of Biochemistry, Duke Univer- 
sity Medical Center, Durham, NC 27710 (e-mail: 
sich@biochemaduke-edu). Due Unieny a Epa 
Oppesty Arie Aes Employer 
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VICE PRESIDENT for RESEARCH 

The University of North Dakota is conducting an 
‘open search for the postion of Vice President of 
Research. Letters of nomination, applications (leter 


‘of application, complete curriculum vitac, astatement 
of the applicant's philosophy of univeruty-based re 
scarch, and names and addresses of three references), 
br expressions of interest should be submitted to 


Dr. H. David Wilson, Chair 
Vice President for Research Search Committee 
‘University of North Dakota 
501 N. Columbia Road Stop 9037 
Grand Forks, ND 58202-9037 
‘Telephone: 701-777-3021, 

(Or to e-mail: h.wilson@und.nodak.edu. Revicw 
of the materials will begin immediately and 
il the position is Bled. The anticipated date 

iy 1, 2007, Additional information 


cf qualication vay fe cbrainad a website: 
/und.edu /dept/sa0 /researchjobs hm. 

The Univnity of Neth Dal tsa Equal Opporty 
Afirmatie Auton Totton 


DIRECTOR 
Harris World Ecology Center 
University of Missouri, St. Louis 

The University of Missouri, St. Louis, announces 
{a search for Dircstor of the Whitney R. Hares World 
Ecology Center in the Department of Biology 

The Harris Center (formerly the Intemational 
Cente for Tropical Eoology, website: hetp:/ /icte. 
tumsl.edu/) was established in 1990 asa partnership 
between the University and the Missourt Botanical 
Ganlen. The Center and Deparment of Biology have 
clene links with the St. Louts Zoo and enjoy st 

cractions with faculty and stud 
fashington University and St. L 
The Center provides a focal point for the Depart 
ment’s graduate program in ecology, evolution, and 
systematics. It offers financial suppert to undergrad 
tae and graduate students, ices the grade pr 
igram with publi lectures and symponia, anu actively 
chs fini from government agen, fourlanians, 
sa nil 

‘Candidates should merit appointment as ASSO- 
CIATE PROFESSOR or PROFESSOR of BIOL- 
OGY, and their dutics will be split equally between 
the Department and the Center. The siccesful ca 
sdxlate ts expected to be an excelent scientist purs 
[Active rescarch in tropical biology, ecology, evelution, 
systematics of conservation, with a sgrang.recond 
extemal grant support. The Director will provide 
Visionary eadenhip for the Center, raising funds 

2 tarkty of sources arnt promoting the Center 
and its programs. The penition offers a competitive 
sabay and setup funding. 

Applications should inchade a cover letter outlin 
ing qualifies um vitae, 3 
statement of res snd gnals, and the 
ames and addresses of five references, Application 
review begins on receipt 

Please send applications via e-mail to: Maryann 
Hempen, e-mail: mhempen@umsledu, Search 
‘Committee (Harris Director), rment of Biol- 
ogy, Univenity of Missouri-St. Louis, One Uni 
versity Boulevard, St. Louis, MO 63121. 

The Univensty of Missoni, St. Lowi, is a Afimnaine 

9, Equal Oppornnity Employer aomminod i» exllone 
‘me diver 


Additional job postings not featured in 
this isue can be viewed online at webs 


hetp//www. sciencecarcers.org. New jobs 
are addled daily! 


Woons Hott OCEANOGRAPHIC INSTITUTION 


ECOLOGIST and ENVIRONMENTAL/ 
RESOURCE ECONOMIST 
Woods Hole Research Center 


The Woods Hoke Research Center (WHRC) 
sccks: an Ecologist who will work on the 


relation between the condition of forest exo: 
systems and the “ecosystem services” they 
liver, and: an Environmental Resource Econ. 
‘omist who will focus on the cconomic vals 
tion of the products and services derivable from 
orext ecosystems and mechanisms for reflect 
ing the valve of these products and services 
goto. website: 
Opporniaty Lampe a 
Canidae his so 


WAR i an Ei 
ately secs veep 


‘TENURE-TRAC! 


FACULTY POSITIONS 


“The New England College of Optometry (NECO) 
The New England College of Optometry invites 
applications for two full-time, tenure-track positions 
jamedical Sciences and Dis 

with experic 


in the Department of 
ease. Rank will be commensit 
Ph.D. de 

‘who use molecular biological, b 
macological approaches to study ocular physiology 
fr discase are particularly encouraged to apply, The 
successful applicant wil be expected ty establh strong, 
extramurally funded research and to participate i 
the College's graduate ans! professional teaching, 
Programs. Eapencnee teaching biochemistry or phat 
fmacclogy ia plus 

The College is a small but dynamic institution 
with a strong cor 
devdopment 0 
Applicants should subsm 
a statement of research and teaching inerest 
the names of three professional references to: 

Steven B. Koevary, Ph.D. 
hair, Department of Biomedical Sciences and 
‘New England College of Optometry 
424 Beacon Street 
Boston, MA 02115 
inlepartment@neco.cdu 
i filled, 

i Opionery is a Equal 


E-mi 
Positions will remain open 
The Now England Calle 

Oppornonty Employer 


Immunoch 
+ rer Grouy 
t Wide Selection of Conjugates: 

“Proteins/Sepharose/Fluors/FICOLL 


BIOSEARCH — +1,800.GENOME.1 
TECHNOLOGIES ww btimemunescOm 


mi 


‘ond Conj 


EZBiolab 
Custom Peptide 10mg 90%: $19.59/aa 


biolab.com 


‘AB Production $785 peptide included 


Gene Synthesis $1.20/bp 
siRNA — 20nmol PAGE purified: $285 


wwww.sciencecareers.org, 


Over 6,000 
Ai s for: 


Check out our 
NeW 
NorthernLights” 
Secondary 
Antibodies 


Gene knockdown - it’s never been this easy 


ICECTOR’ 


Our new Dicector ™ product line utilizes Dicer-Substrate (DsiRNA) technology developed in a collaborative 
effort with Prof. John Rossi (Beckman Research Institute of the City of Hope)’. 


DsiRNA constructs are designed to be processed by Dicer with target-specific end products. Sustained 
knockdown has been regularly achieved using sub-nanomolar to low-nanomolar concentrations’. 


Improve your gene knockdown results with any of our superior Dicector™ products: 
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Knockdown gene expression with Dicector™ products from IDT 
Go to www.idtdna.com/dicector for more information. 


Innovation and Precision in Nucleic Acid Synthesis 
INTEGRATED DNA 
TECHNOLOGIES, INC. www.idtdna.com 800.328.2661 
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